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Thermoelectric heat engines are currently used in several niche applications for 
electricity generation or cooling. Many additional applications would be practical if 
thermoelectric materials with improved performance could be made. Over the past 
twenty years, many nanostructured materials have been shown to possess improved 
performance compared to their bulk counterparts mostly due to the reduction in 
thermal conductivity associated with nanostructured materials. Several classes of 
solution synthesized nanostructured materials have achieved high performance, yet 
significant room for improvement exists for solution synthesized nanostructured PbTe. 
 
This dissertation describes the solution synthesis of ultra-thin PbTe nanowires at a scale 
of over ten grams per batch. These materials are washed, dried, and compressed at high 
temperature to form millimeter-scale nanocomposite discs that, in principle, could be 
diced into pillars for the traditional thermoelectric device architecture. The properties of 
unintentionally Te-doped PbTe nanowire-based discs are understood in terms of the 




except for the differences in the mobility and lattice component of thermal conductivity. 
Unintentionally Te-doped PbTe discs have carrier concentrations that are too low to 
achieve high performance at high temperature where PbTe is best suited, so two doping 
strategies using Bi and Na are described, which are shown to effectively raise the carrier 
concentration to the desired range. Finally, the synthesis of PbTe nanowires is enhanced 
by replacing the highly toxic reducing reagent, hydrazine, with the relatively benign, 
ascorbic acid. Nanowires of essentially the same diameter are synthesized using 
ascorbic acid, albeit at a much slower rate as shown by studies of aliquots taken at 
different times.  
 
In addition to achieving high performance, it is also desirable to create flexible 
thermoelectric materials as these could be used in a variety of energy harvesting and 
cooling applications. The recently invented PbTe nanocrystal coated glass fiber 
composite is one example of such a flexible thermoelectric material. Here, the 3ω 
method is used to determine the thermal conductivity of PbTe nanocrystal coated glass 
fiber composites in the axial direction. Careful consideration of the effect of radiation 
helps to ensure more accurate measurement results. Additionally, two of the major 
issues with PbTe nanocrystal coatings are relieved by replacing PbTe with Ag2Te 
nanocrystals. Prototype flexible thermoelectric devices made from Ag2Te nanocrystal 
coated nylon mesh are shown to produce significantly more power than similar devices 





CHAPTER 1. INTRODUCTION 
1.1 Modern Energy and Refrigeration Issues 
In recent years, the world has seen rapid increases in population and energy demand.1 It 
has been predicted that renewable energy sources will ultimately become more 
prominent in order to satisfy the energy demands in the long-term.2,3 In the short-term, 
regulations within the U.S. will require vehicles to be more fuel efficient.4 Regulations 
have also been enacted that target greenhouse gas emissions in general.5 Future 
regulations are likely given the growing concerns about carbon dioxide and the potential 
effects of its large-scale release into the atmosphere as part of traditional fossil fuel-
based energy generation.6 In response to the long- and short-term energy issues, 








Figure 1.1 Energy use within the United States, illustrating the significant amount of 
waste heat associated with energy conversion.7 Chart made by Lawrence Livermore 
National Laboratory working under the auspices of the Department of Energy. 
 
 
Thermoelectric devices are one such technology, which could address the problem that 
most common forms of energy generation are accompanied by large amounts of waste 
heat dissipation, as shown in Figure 1.1.7 Although the second law of thermodynamics 
requires a certain amount of such heat dissipation, considerable heat is wasted in excess 
of that required by the Carnot efficiency.8 Vehicles powered by fossil fuels could 
particularly benefit from improved efficiency and such improvements are expected to 






Another pressing engineering challenge is the global elimination of ozone depleting 
substances, particularly from household refrigerators.11 Within the United States, the 
Clean Air Act specifies the elimination of both chlorofluorocarbons and hydro 
chlorofluorocarbons within set time frames.12 Alternatives to traditional compressor-
based refrigeration such as thermoelectrics could help fulfill the requirements.13 
 
1.2 Thermoelectric Devices and Applications 
Thermoelectric devices are heat engines. They are comprised of thermoelectric 
materials which can generate power when placed in a temperature gradient. Conversely, 
when electric power is supplied to the device, heat is removed from one side of the 
device. The typical device architecture is shown in Figure 1.2.14 Some advantages of 
thermoelectric devices are that they are silent, scalable, and have no moving parts. 
 
While considerable effort has been made in thermoelectrics in the past two decades, 
they have actually been used for power generation and cooling since the 1950's.15 
Devices from that era included kerosene lamps with thermoelectric elements to co-
generate electricity, domestic refrigerators, and portable refrigerators for biological 
samples. Radioisotope thermoelectric generators, which generally use heat from the 
decay of radioactive polonium, have been used in space missions and have been of 







Figure 1.2 Typical thermoelectric device architecture. Reprinted by permission from 
Macmillan Publishers Ltd: Nature materials (Snyder, G. J. & Toberer, E. S. Complex 
thermoelectric materials. Nat. Mater. 7, 105–114), copyright 2008. 
 
 
Currently, thermoelectrics have a variety of practical applications. Thermoelectric 
coolers are manufactured by RMT Ltd. and Marlow Industries for temperature control in 
laser diodes and optical monitors in part due to the precise temperature control 
obtainable using thermoelectrics.18,19 As thermoelectric devices can even be made on 





Thermoelectrics have also been used in some cases for microprocessor cooling.21 To a 
larger extent, thermoelectrics have been used for miniature food refrigerators that are 
available at consumer distribution stores.21 The company, Gentherm, has developed 
seats for automobiles, which are cooled using thermoelectrics.22,23 While traditional 
vehicle air conditioning systems are more efficient for cooling the entire passenger 
space of the vehicle, thermoelectrics have the distinct advantage of applying more 
direct cooling to the passengers, thus they are ultimately more energy efficient. Lastly, 
thermoelectric powered wrist watches, which operate using the wearer’s body heat, 
have been sold by Seiko and Citizen.24 
 
If thermoelectric devices could be made more efficient, many additional applications 
could be realized. There could be broader application of thermoelectric refrigeration.13 
Small internal combustion engines, such as those in lawn mowers, could be replaced by 
thermoelectric generators.21 Cogeneration of electricity could be achieved by 
thermoelectrics using heat from wood stoves.25 As mentioned previously, 
thermoelectrics could be used for waste heat recovery in vehicles. Prototypes of such 
generators were made as early as 1988 and are currently being further developed by 
General Motors and the United States Department of Energy.9,25–27 The military is 
interested in thermoelectric generators, which could harvest electricity from various 
battlefield heat sources to reduce the number of batteries soldiers must carry.28 There is 
also the potential to harvest body heat for wearable computing, particularly if flexible 





Thermoelectrics could even make an impact in large-scale stationary power generation 
and the manufacturing industry. For example, thermoelectric generators could be used 
in power plants to harvest electricity using the temperature gradient between the flue 
gas and the steam in the boiler as well as between the downstream flue gas and the 
ambient temperature.33 Thermoelectric generators could also harvest energy from heat 
from incinerators such as those used on a large scale in Japan.25 There is a potential for 
high grade waste heat recovery in manufacturing processes for which heat exchange 
with fluids is not employed.34 Thermoelectrics are also of interest for solar electricity 
generation. While historical efficiencies were quite low, thermal concentration has 
recently led to significant improvements.6,17,35 Clearly, thermoelectrics have the 
potential to play several important roles in improving energy efficiency. 
 
1.3 Thermoelectric Device Efficiency and the Figure of Merit 
Thermoelectric devices operate based on the Seebeck and Peltier effects. The Seebeck 
effect describes the voltage generated in materials that are exposed to a temperature 
gradient. Electrical carriers, electrons and/or holes, diffuse from hot to cold and 
accumulate at the cold end, resulting in a voltage according to 
 𝑆 =  −
∆𝑉
∆𝑇
 (1.1)  
where 𝑆 is the Seebeck coefficient, ∆𝑇 is the temperature difference, and ∆𝑉 is the 
corresponding voltage difference. The Peltier effect describes the heat absorbed or 





 𝑄𝑃 = 𝐼 ∙ 𝛱𝑎−𝑏 (1.2) 
where 𝑄𝑃 is the heat dissipated, 𝐼 is the current, and 𝛱𝑎−𝑏is the Peltier coefficient 
associated with a junction between materials 𝑎 and 𝑏. Furthermore, the Thompson 
relation specifies that the Peltier and Seebeck coefficients are related by 
 𝛱𝑎−𝑏 = 𝑇 ∙ (𝑆𝑎 − 𝑆𝑏) (1.3) 
where 𝑇 is absolute temperature. In general, materials in which electron transport 
dominates (n-type) have negative Seebeck coefficients while materials in which hole 
transport dominates (p-type) have positive Seebeck coefficients. Thus devices can be 
built according to Figure 1.3, which represents the cross section of the basic element of 
the larger thermoelectric device shown in Figure 1.2. 
 
 







For the case of a reversible thermoelectric device, the heat transfer occurring in the 
device can be described as follows. At the hot end, heat flows into the device according 
the Peltier effect: 
 𝑄𝑃,ℎ = 𝐼𝑇ℎ(𝑆𝑝 − 𝑆𝑛) (1.4) 
where the subscript, ℎ refers to the hot side, and the subscripts 𝑝 and 𝑛 refer to the p-
type and n-type materials. At the cold end, heat flows out of the device according to the 
Peltier effect: 
 𝑄𝑃,𝑐 = 𝐼𝑇𝑐(𝑆𝑝 − 𝑆𝑛) (1.5) 
where the subscript, 𝑐 refers to the cold side. Work is generated according to: 
 𝑊 = 𝐼𝑉 (1.6) 
 𝑊 = 𝐼[(𝑆𝑝 − 𝑆𝑛) ∙ (𝑇ℎ − 𝑇𝑐)] (1.7) 
Therefore, the efficiency of the thermoelectric heat engine is given by 
 𝜂 =










Thus, the ideal thermoelectric device possesses the Carnot efficiency regardless of the 
current flowing or the Seebeck coefficients of the p-type and n-type materials 
comprised therein. In this ideal picture, charge carriers circulate unimpeded through the 






As real thermoelectric heat engines are comprised of semiconductors with non-zero 
electrical resistance and thermal conductance, the efficiency of real devices is limited by 
Joule heating and heat conduction. The energy balance for real devices is treated 
rigorously in several texts.36–38 When optimized for maximum efficiency, the expression 




√1 + (𝑍𝑇)𝐷 − 1
√1 + (𝑍𝑇)𝐷 + 𝑇𝑐 𝑇ℎ⁄
 
(1.10) 







where 𝜅 is thermal conductivity, 𝜌 is electrical resistivity, and 𝑇𝑎𝑣𝑒 is the average of 𝑇ℎ 
and 𝑇𝑐. Therefore, the device efficiency is strongly affected by the properties of the 
thermoelectric materials that are used to generate the Seebeck voltage. In a vast 
majority of the technical literature, the properties of individual materials are studied. In 
order to assess the potential of a single material for thermoelectric applications, the 
value of (𝑍𝑇)𝐷is evaluated assuming that a material with equal 𝜅 and 𝜌 as well as an 























where 𝑇 is the temperature at which the three materials properties are evaluated and 𝜎 
is electrical conductivity. This value, 𝑍𝑇, is commonly referred to as a material’s 
thermoelectric figure of merit. The relationship between 𝜂, 𝑇ℎ, and 𝑍𝑇 is described in 




Figure 1.4 Theoretical maximum efficiency of a thermoelectric generator as a function of 
𝑍𝑇 and 𝑇ℎ as compared with other heat engines. 𝑇𝑐 is 300 K. Reprinted by permission 
from Macmillan Publishers Ltd: Nature materials (Vining, C. B. An inconvenient truth 
about thermoelectrics. Nat. Mater. 8, 83–85), copyright 2009. 
 
 
This graph illustrates important trends. Thermoelectric device efficiency increases with 






merit of 4 or lower have lower efficiencies than the other heat engines shown, and this 
difference is quite large at temperatures above 600 K where Rankine cycles operate 
efficiently. 
 
For the design of thermoelectric devices, two additional considerations should be taken 
into account, which result in a lower efficiency than that show in Figure 1.4. First, in 
many cases, thermoelectric generators are operated using waste heat which is 
essentially free. Thus operation at maximum power is more cost effective than 
operating at conditions of maximum efficiency. Under such maximum power conditions, 










Thus, 𝑍𝑇 remains an important parameter in such operating conditions. Second, the 
length of the thermoelectric materials should be optimized to achieve the maximum 
power output. Real thermoelectric devices consist of a layered structure, as shown in 
Figure 1.2, including electrical interconnects, ceramic plates, and heat exchangers on 
both the hot and cold sides. Thus, a significant portion of the overall available 
temperature difference takes place across materials other than the thermoelectric 
materials. This results in a reduced Seebeck voltage. The maximum power output is 
achieved when approximately half of the available temperature difference takes place 
across the thermoelectric materials.40,41 These two considerations highlight the fact that 






and materials challenges exist. Nevertheless, as the inadequacy of thermoelectric 
materials properties has been a major barrier for thermoelectric device applications, 
investigations into high 𝑍𝑇  materials remains at the forefront of thermoelectrics 
research.14 
 
1.4 Challenges in Finding High 𝑍𝑇 Materials 
The fundamental challenge in creating materials with high 𝑍𝑇 is that improving one of 
the three relevant properties tends to degrades another. For example, the carrier 
concentration and hence, electrical conductivity of a material can be easily increased by 
doping, yet this results in a reduced Seebeck coefficient as shown in Figure 1.5.14,42 The 
power factor, which is given by 
 𝑃𝐹 = 𝑆2𝜎 (1.16) 
is useful for finding the approximate optimum in carrier concentration and for 
comparing materials for which the thermal conductivity is unknown. Based on Figure 1.5, 
semiconductors possess the optimal carrier concentration and are the best 









Figure 1.5 Variation of electronic properties with carrier concentration.42 
 
 
The decrease in Seebeck coefficient with increasing carrier concentration shown in 
Figure 1.5 can be explained using the simplified definition of the Seebeck coefficient as 
the average energy of carriers with respect to the Fermi level. Using an n-type material 
as an example, when the Fermi level is just above the middle of the band gap, there is a 
large difference in energy between the bottom of the conduction band, where the 
carriers are, and the Fermi level. If the carrier concentration increases, the Fermi level 
moves upward; this reduces the difference in energy and the magnitude of the Seebeck 
coefficient.  
 
The relationship between the Seebeck coefficient and carrier concentration for 





























where 𝑘𝑏 is the Boltzmann constant, 𝑒 is the charge on a proton, 𝑟 is the scattering 






where 𝜁 is the Fermi level with respect to the top of the valence band (for p-type 
semiconductors) or the bottom of the conduction band (for n-type semiconductors).43 










where 𝑖 is known as the order of the integral. The scattering coefficient depends on the 
scattering mechanism. It is equal to -0.5, 0.5, and 1.5 for acoustic phonon scattering, 
polar optical scattering and ionized impurity scattering, respectively. In practice, the 
reduced Fermi level can be found using the carrier concentration, 𝑛 or 𝑝, according to 












Where ħ is the reduced Plank’s constant and 𝑚𝑑
∗  is the density of states effective mass 






∗ ] (1.21) 
where 𝑁 is the valley degeneracy for the band that is relevant for transport, 𝑚⫠
∗  is the 
effective mass in the transverse direction, and 𝑚⫽
∗  is the effective mass in the 
longitudinal direction. For PbTe and other traditional semiconductors used in 
thermoelectrics, the values of 𝑚𝑑






above equations can be used to predict the Seebeck coefficient accurately in the regime 
where the SPB approximation is valid. 
 
For metals and degenerate semiconductors, a simpler relationship between Seebeck 
coefficient and carrier concentration is satisfactory: 
















Here, the inverse relationship between Seebeck coefficient and carrier concentration 
can be seen more readily.43 For the non-degenerate (low carrier concentration) limit, 















where ℎ is Plank’s constant.43 The three relationships between Seebeck coefficient and 









Figure 1.6 Seebeck coefficient versus carrier concentration at 300 K for p-type PbTe. 
 
 
Of the three models, the full SPB model provides the most accurate relationship across a 
broad range of carrier concentrations. The relationship for degenerate semiconductors 
is shown to be a good approximation at high carrier concentration, while the Pisarenko 
relation matches well at very low carrier concentrations. For materials with non-
parabolic bands, there exists a more complicated relationship between the Seebeck 
coefficient the carrier concentration, yet it remains an inverse relationship, which limits 
the power factor. In general, the power factor is maximized at high carrier 
concentrations when the Fermi level is within the conduction or valence band.46 
 
A second example of how the improvement in one property tends to degrade another is 
the relationship between the electrical conductivity and the thermal conductivity. The 






 𝜅𝑒 = 𝐿𝜎𝑇 (1.24) 
where 𝜅𝑒 is the electronic component of thermal conductivity, and 𝐿 is the Lorenz 
number.14 This is known as the Wiedemman-Franz law and it is particularly important 
for metals and highly degenerate semiconductors with 𝜎 > 1,000 S/cm. For common 
thermoelectric materials, lattice vibrations and occasionally electron-hole pairs also 
contribute to the total thermal conductivity so that  
 𝜅 = 𝜅𝑙 + 𝜅𝑒 + 𝜅𝑏𝑖  (1.25) 
where 𝜅𝑙  is the contribution to thermal conductivity by lattice vibrations and 𝜅𝑏𝑖 is the 
contribution from the bipolar effect.43 The relationship between the thermal 
conductivity and the carrier concentration for temperatures at which the bipolar 
contribution is negligible is shown in Figure 1.7.42 So while an increase in carrier 
concentration increases the electrical conductivity, it also increases the thermal 












Figure 1.7 also shows that the lattice contribution is roughly independent of carrier 
concentration. It is desirable to obtain materials with low values for the lattice 
contribution to thermal conductivity. Fortunately, there exist guiding principles for such 
a search. In the simple illustration of a crystal as a system of masses and springs, the 
group velocity of heat carrying lattice vibrations, also known as phonons, is smaller for 
crystals with heavy elements and weak bonds.47 This smaller group velocity leads to a 
lower thermal conductivity.48,49 Thus, materials comprised of heavy elements that are 
held together by weak bonds tend to have lower values of 𝜅𝑙. The trend of thermal 




Figure 1.8 Variation of thermal conductivity with atomic weight for several classes of 
thermoelectric materials. Reprinted with permission from Gaultois, M. W. et al. Data-
Driven Review of Thermoelectric Materials: Performance and Resource Considerations. 







Good thermoelectric materials should also have high charge carrier mobilities. In 
general, increasing mobility allows for an increase in electrical conductivity without a 
significant decrease in the Seebeck coefficient at low temperature. In general, smaller 
band gaps are associated with higher mobilities. Still, small band gaps limit the Seebeck 
coefficient at high temperature.51 More precisely, for equivalent valence and conduction 
bands, the maximum Seebeck coefficient is achieved when the Fermi level is at the 






where 𝐸𝑔 is the band gap.
51,52 Small band gaps have the additional problem of an 
increased bipolar contribution to thermal conductivity. In this process, thermal 
excitation causes the band gap energy, 𝐸𝑔, to be absorbed as excitons are formed at the 
hot end and the same band gap energy, 𝐸𝑔, to be released as excitons recombine at the 
cold end. As a result of these effects, there exists an approximate relationship between 
the optimal band gap and operating temperature.53 
 𝐸𝑔 ≈ 4𝑘𝑏𝑇 (1.27) 
 
In the 1950’s and 1960’s, the consideration of all of the above optimizations led to the 
selection of heavily doped Bi2Te3, PbTe, and Si/Ge as the best thermoelectric materials 
with optimal performance at around room temperature, 700K, and 1000 K, respectively. 






for large-scale applications of thermoelectrics, several approaches have been developed 
to modify these materials to increase their 𝑍𝑇 values. 
 
1.5 Common Approaches to Increase 𝑍𝑇 
Perhaps the oldest and most general approach to increase 𝑍𝑇 is to control the structure 
and composition of the material to reduce thermal conductivity while only slightly 
reducing charge carrier mobility. For several decades, alloying has been employed to 
reduce the lattice thermal conductivity.54 The strategy put forward by Airepteyants is to 
alloy on the cation site for p-type materials and on the anion site for n-type materials in 
order to prevent a significant decrease in mobility. Conceptually, holes reside 
preferentially on the anion site, thus alloying on the cation site has a small effect on 
hole transport. The reverse is true of electrons.55 As alloy scattering is known to mostly 
affect short wavelength phonons, nanostructures have recently been employed to 
scatter longer wavelength phonons to achieve a greater reduction in thermal 
conductivity.56 When the additional interfaces are engineered correctly, phonons can be 
scattered more than charge carriers.6,57 Such preferential scattering of phonons is 
summarized in the concept of the phonon glass-electron crystal.58 
 
While the above strategies are aimed at a reduction in lattice thermal conductivity, 
there also exist strategies to improve the power factor. Early on in thermoelectrics 
research, there were attempts to increase the Seebeck coefficient by changing the 






However, this was generally not successful because of the significant reduction in 
charge carrier mobility without the anticipated increase in Seebeck coefficient.59 In 1993, 
Hicks and Dresselhaus performed calculations on Bi2Te3 quantum wires and quantum 
wells and suggested that significant increases in 𝑍𝑇 are possible with ultra-thin wires 
and sheets.60,61 In general, the theory behind the enhancement is that electronic density 
of states is quite different for quantum confined structures as compared with bulk 
materials.62 The densities of states of quantum wires and quantum dots resemble a 
delta function, which was shown to be optimal for thermoelectric materials.63  
 
Another approach that has gained some popularity in recent years is energy filtering.46,62 
The principal of energy filtering can be explained as follows. As the Seebeck coefficient 
is associated with the average energy of carriers with respect to the Fermi level, the 
contribution of carriers above the Fermi level is partially offset by the contribution of 
carriers below the Fermi level.46 Therefore, it has been hypothesized that a sharp energy 
dependence of the carrier scattering time could reduce the negative contribution of 
carriers below the Fermi level. In summary, several approaches to increase 𝑍𝑇 have 
been theorized. The current challenge is to demonstrate the effectiveness of these 
approaches in real materials. 
 
1.6 Materials and Synthetic Approaches to Achieve High 𝑍𝑇 
The efforts to design and synthesize improved thermoelectric materials can roughly be 






crystal structures or even non-crystalline materials, 2) nano-sized traditional 
thermoelectric materials, and 3) millimeter-scale nanocomposites of traditional 
thermoelectric materials.  
 
1.6.1 Non-Traditional Thermoelectric Materials 
Several classes of non-traditional thermoelectric materials with novel compositions and 
structures such as skutterudites, clathrates, and half-Heuslers have been synthesized 
and characterized in attempts to demonstrate the phonon-glass electron-crystal 
concept. These materials are appropriate for thermoelectric applications because they 
have high charge carrier mobilities and low lattice thermal conductivities. In the case of 
skutterudites and clathrates, this is in part due to their large unit cells with cages that 
can be partially filled in order to achieve increased phonon scattering.64–67 Meanwhile, 
half-Heuslers benefit from many potential alloy combinations to reduce the thermal 
conductivity.68,69 Conducting polymers have also received some attention due their 
intrinsically low thermal conductivities. New strategies to increase mobility and obtain 
optimal carrier concentration have led to 𝑍𝑇  values well above 0.1 at room 
temperature.70–73 
 
1.6.2 Nano-Sized Traditional Thermoelectric Materials 
In the second approach, nanowires or superlattice thin films of several traditional 
thermoelectric materials have been synthesized in attempts to improve performance 






is in fact observed experimentally for single nanowires and superlattices.76–78 In 
response to the results for single nanowires, some research has focused on the 
synthesis of nanowire arrays in which large numbers of nanowires could operate in 
parallel to generate useful amounts of power.79 Some research groups have even begun 
to address the challenges associated with making devices that capitalize on the 
advantages of nanowire structures.80 As thermoelectric power generation scales with 
the cross section area for heat transport, nanoscale devices have certain disadvantages. 
In devices made from nanowire arrays, for example, the benefits of quantum confined 
nanowires are partially offset by the reduced fill factor (volume of nanowires per device 
volume) required to achieve true quantum confinement within individual nanowires.81 
Meanwhile, thin film superlattices are generally grown by MBE, and are therefore very 
costly to produce.82 
 
1.6.3 Nanocomposites of Traditional Thermoelectric Materials 
As there are significant issues associated with single nanowire and superlattice 
thermoelectric materials, many research groups have focused instead on a third 
approach to achieve high 𝑍𝑇, the synthesis of bulk materials with nanoscale features, 
which are commonly known as nanocomposites. Such materials do not benefit from 
electronic quantum confinement effects, but have been shown to benefit from 
increased phonon scattering. Most research on nanocomposite thermoelectric materials 
has focused on materials with compositions that are nearly identical to traditional 






approaches to synthesize nanocomposite thermoelectric materials are 1) ball milling, 2) 
solid state synthesis, and 3) solution synthesis. 
 
In the ball milling approach, a large-grained ingot or appropriate elements are ball 
milled for hours or days. The resulting nanoscale powder is then compressed at high 
temperature to form a millimeter-scale disc.83 Several classes of materials have 
observed an increase in 𝑍𝑇  due to the ball-milling strategy. These include: 
(Bi,Sb)2(Te,Se)3,
84 Si/Ge,85,86 and even new materials such as skutterudites.87 However, 
for some materials such as PbTe, rapid grain growth occurs during the hot pressing step 
and no enhancement in 𝑍𝑇 as compared with bulk has been observed.83 
 
The growth of semiconductors by solid state synthesis generally involves long times and 
high temperatures, thus large grains are typically created. However, the solid state 
synthesis of several thermoelectric materials has recently been modified to include 
small amounts of impurity elements that lead to the formation of nanoprecipitates upon 
cooling to room temperature.88 Initial research focused on lead antimony silver 
telluride.89 Many impurities have been investigated, particularly in the PbTe system, 
with varying success.90–93 Recently, the science of solid state synthesized 
nanocomposites has advanced to include concepts such as band alignment to prevent 
mobility reduction,94,95 mesoscale grain formation by grinding and spark plasma 







In the solution synthesis approach, nanostructures of traditional thermoelectric 
materials are grown from the bottom up in solution. These can then be washed, dried 
and compressed into millimeter-scale discs. The details of this process and the resulting 
material properties are discussed in chapter 2. 
 
1.7 Dissertation Outline 
The remainder of this dissertation focuses on solution synthesized nanostructured 
thermoelectric materials. In chapter 2, the synthesis and thermoelectric properties of 
materials described in literature are reviewed. It will be seen that significant room for 
improvement exists in the PbTe system. The following chapters describe experiments 
and results for nanostructured PbTe materials. Chapters 3 and 4 describe the large-scale 
synthesis of PbTe nanowires and their thermoelectric properties. Chapter 5 describes 
the synthesis and properties of doped PbTe nanowires designed to achieve carrier 
concentrations closer to the optimal range. As the nanowire synthesis in chapters 3-5 
relies on the highly toxic reducing agent, hydrazine, a novel environmentally benign 
synthesis is developed, which is described in chapter 6. Then chapter 7 begins the 
theme of flexible thermoelectric materials and describes thermal conductivity 
measurements of flexible PbTe nanocrystal coated glass fibers. Continuing in the same 
theme, chapter 8 describes the synthesis and characterization of prototype flexible 






CHAPTER 2. REVIEW OF THE THERMOELECTRIC PROPERTIES OF SOLUTION 
SYNTHESIZED MATERIALS 
2.1 Introduction 
Among the efforts to synthesize nanocomposite thermoelectric materials, solution 
synthesis offers several potential advantages over other methods such as ball milling 
and the formation of secondary phases using solid state synthesis. Benefits of solution 
synthesis methods include low synthesis temperatures, short synthesis times, and 
compatibility with large-scale chemical synthesis practices in industry.98 These and 
perhaps other attractive attributes of solution synthesis methods have led to significant 
interest from academic laboratories and even from the thermoelectrics industry.99 The 
first part of this chapter contains a review of the methods involved in making solution 
synthesized nanocomposites. The second part then reviews the thermoelectric 
properties of several classes of solution synthesized materials and compares these 
properties with those of corresponding bulk materials. The methods involved in creating 
the highest performance solution synthesized materials are discussed in order to 
highlight the practices that should be employed or considered in future research. The 







2.2 Solution Synthesis of Nanocomposite Thermoelectrics 
The creation of solution synthesized nanocomposite thermoelectric materials generally 
requires three steps, which are: solution synthesis, washing, and consolidation. These 
are discussed in detail in the following sections. 
 
2.2.1 Solution Synthesis 
There is much diversity in the methods available to synthesize thermoelectric materials 
in solution. The methods reviewed here include: 1) hydro/solvothermal synthesis, 2) 
atmospheric pressure synthesis at or below boiling temperature in a solvent of water 
and/or ethylene glycol 3) ligated chalcogen injection into cation precursor solution in 
long-chain hydrocarbon solvent, and 4) microwave synthesis. In each case, a wide 




In the hydro/solvothermal synthesis method the solvent, reactants, and (optionally) a 
surfactant are loaded into an autoclave, which is then sealed and placed in an oven 
above the atmospheric pressure boiling point of the solvent. As a result, the pressure 
increases in the closed vessel during the reaction, in some syntheses even beyond the 
critical point.100 Typical conditions used are 100-250 °C and 1-150 bar with reaction 






temperature and pressure such that the solubility of many inorganic substances 
increases during hydrothermal reactions. Due in part to the closed nature of 
hydrothermal syntheses, the chemistry of many syntheses is poorly understood. 
Nevertheless, hydro/solvothermal reactions have been used extensively to make 
nanostructured binary and ternary oxides as well as chalcogenides.101–103 
 
2.2.1.2 Atmospheric Pressure Synthesis at or Below Boiling Temperature in a Solvent of 
Water and/or Ethylene Glycol 
Many chalcogenide syntheses can also take place at atmospheric pressure in glass 
reaction vessels, often in an inert environment achieved using a Schlenk line. Reagents 
are mixed in a solvent and allowed to react at elevated temperature.102,104,105 
Temperatures employed range from room temperature to reflux conditions and 
reaction times range from hours to days.106–111 Often, products are formed by the 
reduction of cation precursors with the help of an external reducing agent. Surfactants 
can be used to control product morphology as well as to lend solubility to the as-grown 
nanostructures. 
 
2.2.1.3 Ligated Chalcogen Injection into Cation Precursor Solution in Long-Chain 
Hydrocarbon Solvent 
Nanostructured chalcogenides can be synthesized by separately dissolving a cation 






using trioctylphosphine (TOP) or a similar solvent. The cation solution is brought to high 
temperature and the chalcogen source is rapidly injected, causing the formation of 
colloidal chalcogenide nanostructures.102,112–116 The syntheses generally take place at 
atmospheric pressure and temperatures of 100-300 °C. Reactions are generally very 
rapid; the synthesis solutions are quenched in a water bath only a few minutes after 
chalcogen injection. The presence of strongly binding ligands serves to both protect the 
nanocrystals from overgrowth and to make the nanocrystals soluble in organic solvents 
such as hexane, toluene, and chloroform. 
 
2.2.1.4 Microwave Synthesis 
Microwave synthesis has been employed to make a variety of nanostructured materials, 
often with much shorter reaction times than other methods. Generally, microwave 
synthesis simply involves the application of microwave heating instead of traditional 
heating methods such as ovens or heating mantles. Hydro/solvothermal,117–120 
atmospheric pressure synthesis at or below boiling temperature in a solvent of water 
and/or ethylene glycol,121–123 and ligated chalcogen synthesis124 have all been 
accomplished using microwave heating. A wide variety of nanostructured 







2.2.2 Washing the As-Synthesized Material 
Regardless of the synthesis method, as-synthesized nanostructures are dispersed within 
a mixture of solvent, unreacted precursor, other reagents, and usually a surfactant or 
ligand. In order to separate pure, dry nanostructured powder, the as-synthesized 
material is generally combined with an anti-solvent and centrifuged. It is then re-
dispersed in a solvent. This process is generally repeated several times, which removes 
most of the impurities within the product. An optional second purification step involves 
a hydrazine soak, the goal of which is to remove the surfactant or ligand.125 If not 
removed, such organic material would likely hinder inter-grain contact and charge 
transport in nanocomposite discs. In fact, some researchers have developed synthesis 
methods that use small molecule structure directing agents instead of long chain 
hydrocarbons or polymers to further avoid the issues associated with large 
surfactants.126–129  
 
2.2.3 Consolidation of the Material 
After washing and optional ligand stripping, the material is vacuum dried to form pure 
nanostructured powder. Once dry, it is preferable to reduce contact with air as many 
thermoelectric materials including PbTe are known to slowly oxidize in air.130 To make 
millimeter-scale, high relative density discs, the powder is consolidated at high 
temperature under uniaxial pressure in a process known as hot pressing. High 
temperatures are necessary to achieve good grain to grain contact and therefore high 






synthesizing nanostructured material. Therefore, many researchers favor the use of 
rapid consolidation methods such as SPS, which can achieve high relative density with 
limited grain growth.131–133 In some cases, solution processable materials are not fully 
dried into powder, but rather are cast into films that would be more suitable for thin 
film thermoelectrics.134 
 
2.3 Thermoelectric Properties of Solution Synthesized Materials 
2.3.1 p-type and n-type (Bi,Sb)2(Te,Se)3 
Bismuth telluride has been widely studied since the 1950’s and has excellent 
thermoelectric properties in the temperature range of 200 – 450 K.135,136 Bismuth 
telluride has a low thermal conductivity of 1.4 W/mK at 300 K and a sufficiently high 
mobility such that bulk ingots obtained by traditional solid state routes possess 𝑍𝑇 
values in the range of 0.9-1.1.14,135 Binary Bi2Te3 can be p-type due to Bi vacancies or BiTe 
anti-site defects. Alternatively, it can be n-type due to Te vacancies or TeBi anti-site 
defects.137,138 Alloying with Sb is an effective way to ensure p-type behavior while 
alloying with Se tends to lead to n-type behavior.139 The carrier concentration can be 
adjusted using the fraction of Sb and Se.140,141 The solution synthesis of (Bi,Sb)2(Te,Se)3 
nanostructures began at least as early as 2003.142 Research on the thermoelectric 
properties of bulk nanocomposites made by solution synthesized nanoscale powder has 







Figure 2.1 Seebeck coefficient versus electrical conductivity near room temperature for 
p-type (Bi,Sb)2(Te,Se)3. Data from references 152, 153, 166, 114, 146, 148, and 151 
adapted with permission from the American Chemical Society. Copyright 2010 and 2012. 
See literature cited section for full reference details. 
 
 
In Figure 2.1, the near room temperature Seebeck coefficient versus the near room 
temperature electrical conductivity of p-type solution synthesized (Bi,Sb)2(Te,Se)3 and 
bulk single crystalline (Bi,Sb)2(Te,Se)3 is shown along lines of equal power 
factor.99,114,118,124,126,143–159 Immediately apparent is the wide range of Seebeck 






carrier concentrations.141 For (Bi,Sb)2(Te,Se)3 to exhibit high 𝑍𝑇, the Seebeck coefficient 
at 300 K should be in the range of 120-290 µV/K, corresponding to carrier 
concentrations of 4 x 1018 – 7 x 1019 /cm3.135,140 Therefore, more than half of the 
samples represented in Figure 2.1 appear to have carrier concentrations that are within 
the optimal range. The figure also shows that only one of the solution synthesized 
samples has a power factor equal to that of the single crystals. This is likely related to 
the reduced mobility associated with small grains and porosity in the solution 
synthesized samples. Still, several solution synthesized materials possess power factors 
of nearly 3 mW/mK2, which combined with low thermal conductivity due to nanoscale 











In Figure 2.2, the 𝑍𝑇 versus temperature for seven of the best solution synthesized p-
type (Bi,Sb)2(Te,Se)3 materials is plotted along with those of two solid state synthesized 
p-type (Bi,Sb)2(Te,Se)3 samples without intentional nanostructuring.
14,51,99,124,143,149,156 
Clearly, solution synthesized (Bi,Sb)2(Te,Se)3 can exhibit excellent performance, even 
exceeding that of bulk (Bi,Sb)2(Te,Se)3. The seven high 𝑍𝑇 solution synthesized materials 






insulating large molecule surfactants by either a surfactant removal process involving 
hydrazine or the use of small molecule structure directing agents instead of large 
molecules. Third, nearly all involve a post synthesis heat treatment at 300 °C or higher. 
Fourth, nearly all final materials have relative densities above 90%. The seven solution 
synthesized materials differ greatly with regard to the synthesis and compression 
methods. Of the seven materials, four are made by hydrothermal synthesis,143,149,156 two 
are made by microwave synthesis,124 and one is made by moderate temperature 
synthesis involving long chain hydrocarbon-based solvents and ligands.99 Regarding 
compression methods, four are cold pressed and annealed,124,156 two are hot 







Figure 2.3 Seebeck coefficient versus electrical conductivity near room temperature for 
n-type (Bi,Sb)2(Te,Se)3. Data from references 110, 113, 114, 128, 146, 148, 151, 161, 167, 
171, and 184 adapted with permission from the American Chemical Society. Copyright 
2010, 2012, and 2013. See literature cited section for full reference details. 
 
 
Figure 2.3 shows the near room temperature electronic properties of n-type solution 
synthesized (Bi,Sb)2(Te,Se)3 and large grained (Bi,Sb)2(Te,Se)3 grown by a traditional 
solid state method.110,113,114,124,126–129,146,148,151,160–184 For n-type (Bi,Sb)2(Te,Se)3 the 
highest 𝑍𝑇 values are achieved by materials with carrier concentrations in the range of 3 






– 290 µV/K at 300 K.135,141 Most of the 53 samples represented in Figure 2.3 have 
Seebeck coefficients in the appropriate range. As with p-type (Bi,Sb)2(Te,Se)3, only one 
solution synthesized n-type sample has a power factor equal to that of bulk 
(Bi,Sb)2(Te,Se)3. All others have power factors less than 3 mW/mK
2, likely a result of 
reduced mobility. However, some power factors are very nearly equal to 3 mW/mK2 










Figure 2.4 𝑍𝑇 versus temperature for solution synthesized (symbols) and bulk (lines) n-
type (Bi,Sb)2(Te,Se)3. Data from references 113 and 128 adapted with permission from 
the American Chemical Society. Copyright 2012 and 2013. See literature cited section 
for full reference details. 
 
 
Figure 2.4 shows the temperature dependence of 𝑍𝑇 for 11 of the best solution 
synthesized n-type (Bi,Sb)2(Te,Se)3 samples and two bulk reference 
samples.14,51,113,124,126–129,170,175,176 As with p-type (Bi,Sb)2(Te,Se)3, the performance of n-
type solution synthesized (Bi,Sb)2(Te,Se)3 can be as good as and even better than that of 






synthesized materials shown here share two common themes. First, all are either 
treated with a hydrazine-based surfactant removal step or are synthesized using small 
molecule structure directing agents instead of large molecule surfactants. Second, all 11 
samples are treated at 250 °C or higher at some point after the solution synthesis step. 
In other ways, the materials are quite different. Some but not all of the materials 
incorporate Se. With regard to the solution synthesis, seven samples are synthesized in 
water or ethylene glycol at atmospheric pressure,126–129,170,175 two are synthesized by co-
precipitation of Bi and Te oxides in water at room temperature followed by calcination 
and high temperature reduction,176 one is synthesized at moderate temperature with a 
long chain hydrocarbon solvent and ligands,113 and one is made by microwave 
synthesis.124 Regarding compression methods, seven are SPS’d,113,127–129,170,176 three are 
hot pressed,126,175 and one is cold pressed and annealed.124 
 
2.3.2 p-type and n-type PbTe 
PbTe is one of the best thermoelectric materials with peak performance at 600-950 K.185 
It was investigated thoroughly in the 1950’s and 1960’s, yet its maximum 𝑍𝑇 was 
understated for many years due to inaccurate estimation of thermal conductivity at high 
temperature.43 Recently, the 𝑍𝑇 was reevaluated and found to be 1.4 at 750 K for both 
p-type and n-type bulk polycrystalline PbTe.186,187 Being comprised of heavy elements, 
PbTe benefits from a low lattice thermal conductivity of 1.5-2.3 W/mK at 300 K.186,187 
Highly doped p-type PbTe benefits from the presence of two valence bands which 






with carrier concentrations of 1 x 1020 /cm3.186,188–190 Meanwhile, n-type PbTe benefits 
from high electron mobility.187 PbTe is stable in a very small range of compositions.191,192 
Therefore, while excess Te leads to p-type behavior, dopants such as Na, K, or Tl are 
required to achieve optimized carrier concentrations of 1 x 1020 /cm3.186,193,194 Similarly, 
while excess Pb leads to n-type behavior, dopants such as I, La, or Bi are required to 
achieve optimized carrier concentrations of 2-5 x 1019 /cm3.43,195,196 Solution synthesis of 
PbTe nanostructures dates back to at least 2000.197 Over the next several years, many 
methods for the solution synthesis of PbTe nanostructures were published. The first 
thorough investigation of the thermoelectric properties of solution synthesized PbTe 
was completed by Nolas and published in 2007.198 Several reports of the thermoelectric 











Figure 2.5 presents the electronic properties of p-type solution synthesized PbTe at or 
near 300 K.198–202 Also shown are the properties of several Na-doped single crystalline 
and large grained polycrystalline bulk PbTe samples and lines of equal power 
factor.45,186,203 This graph reveals several important trends. First, the majority of 
materials made by solution synthesis have electrical conductivities less than 10,000 S/m 






S/m. Second, nearly all materials made by solution synthesis have Seebeck coefficients 
greater than 200 µV/K while doping during solid state synthesis allows the Seebeck 
coefficient to be tuned from 250 down to 50 µV/K. Third, all solution synthesized 
materials have power factors that are lower than those of Na-doped large-grained PbTe. 
The optimal range of carrier concentration for bulk p-type PbTe is associated with room 
temperature Seebeck coefficients in the range of 50 – 65 µV/K.185,186 Therefore, the 
Seebeck coefficient data for solution synthesized p-type PbTe suggests that their carrier 
concentrations are far below the optimal range. Clearly, improved doping strategies are 
necessary. 
 
Nearly all of the currently available solution synthesized PbTe materials contain only Pb 
and Te, which results in low carrier concentrations. Meanwhile Ag has been 
incorporated as a dopant, apparently by the addition of Ag2Te to dry PbTe powder prior 
to compression200 as well as by the addition of Ag precursor during a solution 
synthesis.201 While Ag2Te addition led to an increase in the carrier concentration by a 
factor of five compared to similar material without Ag2Te,
200 no significant increase in 
carrier concentration was observed when Ag precursor was added during the solution 
synthesis.199,201 Furthermore, Ag has been shown to be unable to achieve the desired 
range of carrier concentrations because Ag acts as an electron acceptor when 
substituted for Pb or as an electron donor at interstitial sites when present in high 
concentrations.204 While p-type doping by Na and K has been successfully employed in 






unlikely. Their cations are commonly present in the solution synthesis of PbTe, yet they 
are not incorporated in the material perhaps due to high solubility in aqueous solutions 
and difficulty in being reduced. Thallium has also been shown to be an effective p-type 
dopant, yet it is highly toxic.194,196,205–207 Clearly, p-type doping of solution synthesized 













Figure 2.6 shows the thermoelectric figure of merit vs. temperature for the highest 
performance solution synthesized p-type PbTe along with Na-doped bulk polycrystalline 
PbTe optimized for maximum 𝑍𝑇 at temperatures above 600 K.186,198–202 At 300 K, 
several solution synthesized materials possess a higher 𝑍𝑇 than bulk PbTe at the same 
temperature. The improvement is due in part to a reduced thermal conductivity; 
however, much of this reduction is associated with the electronic component. Still, in a 
few cases, there is also a reduction in the lattice thermal conductivity by 20-50% 
compared to bulk values due to fine grain structures and porosity.202 Unfortunately the 
figures of merit of most of the solution synthesized materials have not been measured 
at high temperature. Measurements up to 400 K on SPS’d PbTe nanowires described in 
detail in chapter 4 reveal a maximum 𝑍𝑇 of 0.33 at 350 K. While this is higher than the 
𝑍𝑇 of highly doped PbTe at the same temperature, the doping level in the nanowire-
based material achieved by excess Te is insufficient to suppress minority carrier 
contributions and achieve high 𝑍𝑇 above 600 K. This further highlights the need to 
develop effective p-type doping methods for solution synthesized PbTe. Initial studies 
on doping with Na2Te powder prior to high temperature compression are discussed in 







Figure 2.7 Seebeck coefficient versus electrical conductivity near room temperature for 
n-type PbTe. Data from reference 209 adapted with permission from the American 
Chemical Society. Copyright 2014. See literature cited section for full reference details. 
 
 
Figure 2.7 shows the electronic properties of n-type solution synthesized PbTe at or 
near 300 K.109,158,208,209 Properties of bulk n-type PbTe synthesized by solid state 
methods are shown along with lines of equal power factor for comparison.187 The trends 
illustrated are similar to those of p-type PbTe. Solution synthesized n-type tends to have 






factor compared with solid state synthesized PbTe. The optimal carrier concentration is 
associated with Seebeck coefficient magnitudes in the range of 40-75 µV/K at 300 
K.187,210 Thus, n-type solution synthesized PbTe appears to exhibit insufficient doping 













Figure 2.8 shows the thermoelectric figure of merit vs. temperature for the solution 
synthesized n-type PbTe with the highest performance along with I-doped 
polycrystalline PbTe optimized for maximum 𝑍𝑇  at temperatures above 600 
K.109,158,187,208 The performance of Cao’s solution synthesized un-doped PbTe nearly 
parallels that of bulk PbTe up to 575 K.109 While these results are impressive, a close 
inspection of the thermoelectric properties of the material reveals some peculiar 
phenomena. For example, the electrical conductivity of the best material increases 
slightly with temperature from 300 – 575 K, which is quite unlike the drastic decrease 
observed in bulk PbTe.187 Also, the Seebeck coefficients at 300 K suggest carrier 
concentrations of 2 x 1018 – 5 x 1018 /cm3, yet at the temperatures employed in the 
synthesis and consolidation steps, the PbTe phase diagram predicts carrier 
concentrations of less than 2 x 1017 /cm3.191 Such deviations from expectation require 
significant additional experimentation to both verify and better explain the results. To 
summarize, some progress has been made in the area of solution synthesized p- and n-
type PbTe thermoelectrics, yet the lack of effective doping strategies has prevented the 
realization of high 𝑍𝑇 at temperatures above 600 K where PbTe is best suited.  
 
2.3.3 p-type Ternary and Quaternary Copper Chalcogenides 
During the last few years, ternary and quaternary copper chalcogenides have received 
attention as promising thermoelectric materials that are comprised of earth-abundant 
elements. Materials of interest such as Cu2SnSe3
 (CTS), Cu2ZnSnSe4, Cu2ZnGeSe4 (CZGSe), 






thermoelectric materials, yet their complex crystal structures lead to low lattice thermal 
conductivities and moderate 𝑍𝑇 values in the temperature range of 600-850 K.211,212 
Stoichiometric compounds tend to have unsuitably low electrical conductivities, but 
doping with In, Ga, or excess Cu leads to an increase in electrical conductivity by as 
much as two orders of magnitude and often a simultaneous decrease in total thermal 
conductivity due to increased disorder within the crystal lattice.211,212 Therefore, highly 
doped materials tend to have the largest 𝑍𝑇 values. In some cases, loading too much 








Figure 2.9 Seebeck coefficient versus electrical conductivity near room temperature for 
ternary and quaternary copper chalcogenides. Data from references 212, 213, 214, 216, 
221, 224, and 225 adapted with permission from the American Chemical Society. 
Copyright 2010, 2011, and 2012. See literature cited section for full reference details. 
 
 
Figure 2.9 shows the near room temperature electronic properties of several ternary 
and quaternary solution synthesized copper chalcogenides and three of the best related 
bulk materials.211–226 All materials have positive Seebeck coefficients due to copper 
excess and/or chalcogen deficiency. The near room temperature electrical 






those of low band gap materials such as (Bi,Sb)2(Te,Se)3 and doped PbTe, a 
phenomenon that is mostly due to low mobility. This agrees with the general trend of 
mobility having an inverse relationship with band gap.51 
 
Within the group of Cu2SnSe3 materials, the In doping used in the bulk material clearly 
leads to higher electrical conductivities and lower Seebeck coefficients than are possible 
in the solution synthesized materials. However, in one case, the near room temperature 




Regarding Cu2CdSnSe4 and Cu2ZnGeSe4, carrier concentration adjustment by excess Cu 
can be easily achieved in bulk materials by a simple adjustment of the ratio of elemental 
starting materials as shown by the broad range of electrical conductivities and Seebeck 
coefficients. Interestingly, carrier concentration adjustment using excess Cu can also be 
achieved in solution synthesized nanomaterials. The Cabot group determined that 
during the synthesis, Cu-Se type nanocrystals form first, followed by the addition of Cd, 
Zn, Sn, or Ge. Therefore the amount of excess Cu can be conveniently controlled by 
adjusting the reaction time and temperature.214,217 The success of this method is 
evidenced by the wide range of electrical conductivities and Seebeck coefficients 
observed in these solution synthesized materials. In the case of Cu2CdSnSe4, the solution 






Conversely, solution synthesized Cu2ZnGeSe4 samples have similar and even larger 
power factors than bulk Cu2ZnGeSe4 near room temperature. 
 
 
Figure 2.10 𝑍𝑇 versus temperature for solution synthesized (symbols) and bulk (lines) 
ternary and quaternary copper chalcogenides. Data from references 212, 213, 214, and 
216 adapted with permission from the American Chemical Society. Copyright 2010, 
2011, and 2012. See literature cited section for full reference details. 
 
 
Figure 2.10 shows the 𝑍𝑇 vs. temperature for several of the best solution synthesized 






Interestingly all bulk materials possess similar 𝑍𝑇 values from room temperature to 700 
K with Cu2CdSnSe4 possessing the best properties in that range. 𝑍𝑇 values as high as 
1.14 at 850 K have been observed in Cu2SnSe3, yet stable measurements at these 
temperatures require that samples are coated with glass to prevent Se sublimation.212 
Such a coating would act as a thermal shunt in real devices. 
 
Despite the reduced power factor observed in some cases in Figure 2.9, solution 
synthesized materials possess 𝑍𝑇  values nearly equal to or greater than bulk 
counterparts due to thermal conductivity reduction. A close inspection of the five 
articles on the solution synthesized materials reveals several similarities and differences. 
All five materials are synthesized by reactions of dissolved Se with solutions of the 
appropriate cation precursors in the temperature range of 180-300 °C in oleylamine, 1-
octadecene, or a combination of the two. All five synthesis methods produce 
nanocrystals with sizes in the range of 5-25 nm, which experience some extent of grain 
growth during the subsequent hot pressing or annealing steps at 350-550 °C. With 
regard to the issue of insulating ligands, three of the materials experience a thorough 
hydrazine washing in which nanocrystals that are initially dissolved in hexane are 
transferred to an 85% hydrazine phase with repeated hexane rinses. Meanwhile, two of 
the five materials are treated with repeated dissolution in chloroform and precipitation 
using isopropanol until the nanocrystals are no longer soluble in organic solvent; they 
are then annealed in Ar at 500 °C. It is interesting that both the hydrazine-based and 






A comparison of the two solution synthesized Cu2CdSnSe4 materials with similar 
Seebeck coefficients reveals that the hydrazine wash followed by hot pressing leads to a 
room temperature electrical conductivity that is 2.4 times greater than that of material 
that is not hydrazine washed, but rather is annealed and cold pressed.216,217 Yet, as the 
room temperature thermal conductivity of the hydrazine washed material is 3.2 times 
larger, the 𝑍𝑇 values are quite similar. The necessity of using highly toxic hydrazine is 
therefore debatable for these materials; this topic deserves more investigation. In 
summary, the area of solution synthesized ternary and quaternary copper chalcogenides 
has experienced rapid progress in the past few years and 𝑍𝑇 values similar to bulk 
values have already been achieved.  
 
2.4 Conclusions and Recommendations for Future Work 
Remarkable milestones have been achieved in the solution synthesis of thermoelectric 
materials in the past 15 years. In particular, solution synthesized p-type and n-type 
(Bi,Sb)2(Te,Se)3 and ternary and quaternary copper chalcogenides have reached and in 
some cases even surpassed the 𝑍𝑇 values of the corresponding large-grained bulk 
materials. For these materials that have achieved high performance, future research 
should begin to consider other important variables such as mechanical properties, 
thermal cycling stability, and overall synthesis cost to more thoroughly prove that 
thermoelectric devices made using these materials are commercially viable. In the case 
of PbTe, significant progress has been made, yet there is much room for improvement. 






including the development of a scalable high yield synthesis method, improved 
understanding of the high temperature compression process, effective doping methods, 







CHAPTER 3. LARGE-SCALE SYNTHESIS OF LEAD TELLURIDE NANOWIRES 
3.1 Introduction 
The synthesis of many kinds of semiconductor nanowires has received much attention 
due to the unique capabilities and properties associated with 1D structures. For 
example, they can possess good chemical and biological sensing characteristics,227 
enhanced light absorption for optoelectronic devices,228,229 and high mobility along their 
axes due to ballistic carrier transport.230 For the purposes of this dissertation, the most 
interesting benefits of the nanowire morphology are enhanced thermoelectric 
properties due to quantum confinement and boundary scattering of phonons.75 Several 
methods have been developed to synthesize PbTe nanowires such as lithographically 
patterned electrodeposition231,232 and chemical vapor deposition.233,234 These methods 
offer some size control, yet they generally suffer from complicated multi-step 
fabrication procedures, high temperatures, and especially, low yield.  
 
At the same time, solution synthesis of Te nanowires has been explored extensively. 
Due in part to the anisotropic crystal structure of Te, a variety of reaction conditions can 
lead to growth of Te nanowires along the [001] direction. Many surfactants such as 






cetyltrimethylammonium bromide,238,239 and polyvinylpyrrolidone (PVP),240–242 can assist 
in 1D growth. A few research groups have followed the synthesis of Te nanowires with a 
conversion to various metal telluride nanowires103,243 such as Bi2Te3,
171,244–246 CdTe,247 
Ag2Te,
105,248 and PbTe247,249–251 while retaining nanowire morphology. However, one 
critical aspect of this research area that is missing is the synthesis of telluride nanowires 
at large-scale. Recently, several types of sulfide based nanocrystals have been 




and others mainly for their applications in photovoltaic solar cells. However, the 
fundamental challenge for large-scale growth of metal telluride nanowires for 
thermoelectrics and other technologies has not yet been addressed.  
 
The following is a description of the first multi-gram solution-phase production of PbTe 
nanowires with high yield (>80%) using a robust, one-pot approach at low temperature 
and atmospheric pressure in a solvent of ethylene glycol. As shown in Figure 3.1, Te 










3.2 Synthesis Method 
The required chemicals including TeO2 (≥99%), PVP (Molecular Weight 40,000), KOH 
(90%), N2H4 (98%), and Pb(CH3CO2)2•3H2O (≥99.99%), are purchased from Sigma Aldrich 
while ethylene glycol (≥99%) is purchased from VWR. The large-scale (>800 ml) 
synthesis takes place in a one liter Chemglass CHEMRxnHUB reactor in which the jacket 
fluid is heated and cooled using a Huber high precision thermoregulator. 
 
For the synthesis of PbTe nanowires, 21.50 g PVP, 6.86 g TeO2 (43.0 mmol), 19.50 g KOH, 
and 650 ml ethylene glycol are added to the reactor. The jacket temperature setpoint is 
increased to above 120 °C and mechanical stirring is initiated. As the reaction mixture is 
heated, the color changes from white/opaque, to clear (signifying the dissolution of 
TeO2), to transparent yellow as shown in Figure 3.2a-c. When the reaction temperature 
reaches 120 °C, 26.0 ml N2H4 is rapidly injected, resulting in an immediate color change 
from transparent yellow to opaque black (Figure 3.2c-d), and nitrogen gas protection is 
applied to the reactor via a Schlenk line. Minimal overshoot in temperature is observed 
in this step as show in Figure 3.2e. As the Te nanowires form, a Pb precursor solution is 
made by dissolving 4.3 g PVP and 16.93 g Pb(CH3CO2)2•3H2O (43.0 mmol) into 125 ml 
ethylene glycol by stirring on a 120 °C hot plate. One hour after N2H4 injection, this Pb 
precursor solution is injected into the reaction mixture. One hour after the Pb precursor 






mixture is cooled to near room temperature, the products are collected in a Pyrex 
container. 
 
Then, the as-synthesized PbTe nanowires are washed three times with deionized (DI) 
water. During the first washing step, the reaction solution is mixed with DI water at a 
volume ratio of 1:1 and centrifuged for approximately one hour. The nearly clear 
supernatant is discarded, fresh DI water is added, and the solution is mixed to re-
disperse the nanowires. For the second washing step, the mixture is centrifuged for a 
shorter time (10 minutes) to obtain a clear supernatant. The supernatant is discarded, 
fresh DI water is added, and the solution is mixed. For the third washing step, the 
mixture is centrifuged briefly (1 minute) to obtain a clear supernatant which is discarded. 
This water washing is followed by a one hour soak in 2.3 M hydrazine in ethanol to 
completely remove the organic surfactant.171,253 The mixture is then centrifuged briefly 
(5 minutes) and the supernatant is discarded. Finally, the material is washed three times 
with ethanol; only brief centrifuge times (3 minutes) are required to obtain a clear 
supernatant. The material is then dried overnight in vacuum at room temperature and 
brought directly into a nitrogen filled glove box for grinding with a mortar and pestle 
and for weighing. The use of the glove box is presumed to be beneficial for the 









Figure 3.2 (a-d) Reaction solution color over time. (a) -26 minutes. (b) -18.5 minutes. (c) 
-1 minute. (d) +1 minute. (e) Reaction solution temperature over time with time = 0 




The success of this synthesis strategy is first confirmed by X-ray diffraction (XRD). As 
shown in Figure 3.3, products from the first synthesis step can be indexed as pure phase 
Te (JCPDS # 35-1452) although the (101) peak and others are markedly reduced in size 
likely due to nanowires lying with c-axes perpendicular to the substrate as observed 
using transmission electron microscopy (TEM).254 Products from the synthesis of PbTe 







Figure 3.3 XRD patterns of synthesis products. (a) Te nanowires. Blue lines are standard 
peaks for Te (JCPDS # 35-1452). (b) PbTe nanowires. Blue lines are standard peaks for 
PbTe (JCPDS # 01-077-0246). 
 
 
Energy dispersive X-ray spectroscopy (EDS) analysis of washed and dried PbTe nanowire 
powder shows the composition to be Te-rich (44.80 ± 0.44 atomic % Pb, 55.20 ± 0.44 
atomic % Te). The lack of Te peaks in the XRD pattern is likely due to the large surface to 
volume ratio of the nanowires, which allows for significant deviations from 
stoichiometry while retaining a single crystalline phase. 
 
TEM studies on aliquots taken during the Te nanowire growth step show that Te rapidly 
grows one dimensionally even during the first five minutes after N2H4 injection, (Figure 
3.4), likely following the reaction mechanism suggested by Liang et al.243 As the reaction 
proceeds, nanowire morphology is retained as shown in Figure 3.4. Note that the recipe 
used during the aliquot study was a slight variation from that described above. For the 
aliquot study, the Te growth step from the procedure for synthesizing Bi2Te3 nanowires 







Figure 3.4 TEM of material in aliquots taken at various times after N2H4 addition during 




Length measurements of the Te nanowire aliquot images (Figure 3.5) reveal that most 
of the growth in length occurs during the initial 15 minutes, with only small increases in 







Figure 3.5 Average length and diameter of Te nanowires versus time after N2H4 addition. 
 
 
A high-resolution transmission electron microscope (HRTEM) image of a typical Te 
nanowire and the corresponding fast Fourier transform (FFT) in Figure 3.6 show that the 
axial direction of the nanowires is aligned with the [001] direction. Overall the formation 
of ultra-thin nanowires is attributed to the anisotropic crystal structure of Te,239 radial 
growth passivation by PVP,240,241 and the use of at least eight times excess hydrazine, 








Figure 3.6 HRTEM of Te nanowire from an aliquot taken after the completion of the first 
synthesis step. The inset is the FFT of the boxed area. 
 
 
The TEM image of the final product of the PbTe synthesis (Figure 3.7) shows that the 
original Te nanowire morphology is partially preserved. The PbTe nanowire length varies 
greatly and is shorter than that of the Te nanowire templates; this suggests that there is 
some extent of nanowire breaking during the Pb insertion step. The diameter of the 
PbTe nanostructures tends to vary slightly from batch to batch, yet it is consistently 
slightly larger than that of the preliminary Te nanowires. An example of this diameter 











Figure 3.8 Diameter distributions of Te and PbTe nanowires. 
 
 
The HRTEM image (Figure 3.9a) and corresponding FFT (inset) of the PbTe nanowire 
products shows that the nanowire axis is aligned with the [220] direction. However, 
some nanowires such as the one shown in Figure 3.9b have axes aligned with the [222] 








Figure 3.9 HRTEM of PbTe nanowires. Insets contain FFT of the boxed area. (a) A 
nanowire with axis aligned with the [220] direction. (b) A nanowire with axis aligned 
with the [222] direction. 
 
 
Of the numerous parameters in the synthesis of Te and PbTe nanowires, the amount of 
N2H4 and the speed of N2H4 injection during the first step are particularly crucial in order 
to obtain small diameter nanowires. TEM images of products taken at the end of the Te 
growth step (Figure 3.10) show how the Te nanowire diameter decreases from 15.8 nm 
to 12.6 as the amount of N2H4 increases by a factor of 1.7. The Te nanowire diameter 
can be further reduced to 8.1 nm by increasing the N2H4 injection rate through the use 
of multiple injection syringes simultaneously. From the three syntheses represented in 
Figure 3.10, the reduction in diameter with increasing amount of N2H4 added is not 










Figure 3.10 TEM image of Te nanowires synthesized using N2H4:Te molar ratios of (a) 
12.7:1, (b) 19.1:1, (c) 21.2:1. 
 
 
TEM images of the PbTe obtained after the second step in these reactions (Figure 3.11) 
show how the metal telluride nanowire diameter varies directly with the Te nanowire 




Figure 3.11 TEM image of PbTe nanowires obtained after the second step of syntheses 
in which the N2H4:Te molar ratios for the first step were a) 12.7:1, b) 19.1:1, c) 21.2:1. 
 
 
As shown in Figure 3.5, time is the critical parameter in order to control the Te nanowire 






synthesized by quenching the first reaction step after less than five minutes, washing 
and re-dispersing the products, and then introducing the appropriate precursor at high 
temperature. However, this is not possible in practice due to the insufficient cooling rate 




Figure 3.12 Characterization of PbTe nanowires eight months after their synthesis. (a) 
XRD pattern. Blue lines are standard peaks for PbTe (JCPDS # 01-077-0246). (b) TEM. 
 
 
When stored at room temperature in the original reaction solution, PbTe nanowires are 
found to be stable for at least eight months with regard to their crystal structure and 
morphology. This claim is supported by XRD and TEM results in Figure 3.12, which show 
no significant difference compared with PbTe nanowires characterized within two 







As-synthesized PbTe nanowires can be washed, stripped of the PVP surfactant, and 
vacuum dried using a previously published procedure.171 The resulting material can then 
be ground into a fine powder and weighed to determine the overall reaction yield 
(Figure 3.13). Approximately 11.7 grams of PbTe nanowire powder is produced per 
batch. Given theoretical yields determined by the weights of the starting precursors, the 








In summary, this chapter describes the high yield one-pot solution-phase production of 
PbTe nanowires using Te nanowire templates at low temperature and atmospheric 
pressure. TEM analysis reveals nanowire morphology of all products, while XRD 
indicates phase purity. After purification and drying of the nanowire products, greater 






nanowires,171,247,249–251,255 the large scale and yield of this synthesis considerably reduces 
the overall time needed to make the 7-10 grams of material required to make 
nanocomposite discs by SPS. This therefore opens new possibilities to study numerous 






CHAPTER 4. STRUCTURE, COMPOSITION, AND THERMOELECTRIC PROPERTIES OF 
UNINTENTIONALLY DOPED SPARK PLASMA SINTERED LEAD TELLURIDE NANOWIRES 
4.1 Introduction 
As described in chapter 2, great strides have been made in the solution synthesis and 
consolidation of high 𝑍𝑇 materials such as (Bi,Sb)2(Te,Se) and ternary and quaternary 
copper selenides, yet the same level of success has not been achieved for solution 
synthesized PbTe. Beginning with the synthesis method described in chapter 3, this 
chapter continues to address this issue through a study on solution synthesized PbTe 
nanowires compressed into nanocomposite disks by SPS. This initial study investigates 
PbTe without any intentional dopant addition to focus on the effect of SPS temperature 
on the structure, composition, and thermoelectric properties of the nanocomposite 
discs produced. 
 
Like other thermoelectric materials, nanostructures of PbTe have been made using a 
variety of methods such as hydrothermal synthesis,199,201,249,257–259 reaction of a cation-
oleate precursor with triocytlphosphine-Te in organic solvent,148,260–262 and others such 
as atmospheric pressure synthesis at or below boiling temperature in a solvent of water 
and/or ethylene glycol.109,200,208,253,263 While these synthesis methods each have certain 






research on PbTe nanocomposites due to its inexpensive reagents, ease, short reaction 
times, and small nanostructure size.  
 
Washed, dried, and ground PbTe nanowires are consolidated into disc-shaped samples 
by SPS at 405 °C, 450 °C, and 500 °C. All sintering conditions result in discs that possess 
grains with sizes of 5-30 µm as well as sub-100 nm grains. Their compositions can be 
understood in terms of published phase diagrams and other data. Regarding the 
thermoelectric properties, both the mobility and lattice contribution to thermal 
conductivity are reduced as compared with bulk PbTe. The Seebeck coefficients of the 
SPS’d samples do not deviate significantly from those predicted by the SPB model. The 
maximum 𝑍𝑇 observed is 0.33 at 350 K for PbTe nanowires SPS’d at 450 °C. 
 
4.2 Experimental Methods 
The nanowire synthesis and washing method used for these studies is identical to that 
described in chapter 3. Seven to eight grams of PbTe nanowire powder are loaded into a 
20 mm diameter cylindrical graphite die with graphite sheet lining the circumference as 
well as the faces of the rams. The material is SPS’d under a uniaxial pressure of 48 MPa 
at high temperature for five minutes. Sintering temperatures of 405 °C, 450 °C, and 
500 °C are used to make samples henceforth denoted as SPS 405, SPS 450, and SPS 500, 
respectively. The minimum temperature of 405 °C is chosen based on instrument 
limitations; meanwhile at 500 °C extensive undesirable grain growth occurs (discussed 






the compressed material is extracted from the graphite die. The graphite sheet is 
removed from the actual PbTe portion of the disc by sanding. The disc is further 
polished by sanding until there is no evidence of graphite detected by XRD or EDS.  
 
Samples of the discs are prepared for scanning electron microscopy (SEM) by inducing a 
fracture in the disc to expose an unpolished fracture surface. Fracture surfaces are also 
used for EDS. Samples are prepared for HRTEM by taking a small portion of the disc and 
grinding it with a mortar and pestle to form a fine powder. This powder is dispersed in 
ethanol and drop cast onto a TEM grid. For post-consolidation XRD analysis, a small 
portion of the disc is removed and ground into a fine powder in a nitrogen environment. 
The powder is then placed on double-sided tape on an amorphous glass substrate. 
 
The polished discs are formed into appropriate sizes for electrical measurements. For 
Seebeck coefficient measurements, 9 mm diameter disc samples are prepare by sanding 
part of the original 20 mm discs. These are placed on a home-built Seebeck 
measurement system consisting of a vacuum chamber containing two copper blocks 
with embedded heaters and thermocouples to measure the hot and cold side 
temperatures and voltages simultaneously. The temperature and voltage gradients are 
in the in-plane direction. For electrical conductivity and Hall measurements, 5 mm x 5 
mm x 0.8 mm samples are made by sanding part of the original 20 mm diameter discs. 
Then 100 nm of gold are thermally evaporated onto the four corners. Care is taken to 






MMR Hall measurement system is employed to measure the electrical conductivity and 
Hall coefficient in the in-plane direction using a magnetic field of ±0.5 Tesla. 
 
The thermal diffusivity and specific heat of the SPS’d discs are measured at 
Thermophysical Properties Research Laboratory, Inc. Thermal diffusivity measurements 
are performed using the laser flash method on circular disc samples with diameters of 
10 or 12.5 mm, while specific heat is measured using differential scanning calorimetry 
on smaller irregularly shaped samples. Density is determined by measuring sample 
dimensions and mass and the total thermal conductivity is obtained according to 
 𝜅 = 𝛼𝐶𝑝𝜌𝑚 (4.1) 
where 𝛼 is thermal diffusivity, 𝐶𝑝 is the mass specific heat, and 𝜌𝑚 is density. As the 
laser flash method determines the thermal diffusivity in the cross-plane direction, the 
thermal conductivity calculated is that of the cross plane direction.  
 
For sample SPS 405 and for sample SPS 500, a single disc is used for all three 
measurements. Due to the brittle nature of PbTe that leads to undesired fractures, one 
disc is used for electrical measurements and a second disc is used for thermal 
measurements in the case of SPS 450. Based on room temperature electric conductivity 
measurements of the two SPS 450 discs, the use of two different discs is expected to 
cause a slight (~15%) underestimation of 𝑍𝑇 for SPS 450. For all samples, care is taken to 






above 400 K after the completion of the SPS process. This low temperature limitation 
prevents further diffusion within the material, particularly of Te from the Te-rich PbTe 




4.3.1 Structure and Composition 
Digital photographs of discs compressed at the three temperatures are shown in Figure 
4.1. All discs possess a metallic luster, typical of PbTe that is not severely oxidized.196 
The relative density of typical discs tends to increase with increasing sintering 
temperature from 0.69-0.72 for SPS 405 to 0.82-0.88 for SPS 450 and up to 0.86-0.88 for 
SPS 500. This rise in relative density can be understood in part by observing the SEM 
images of fracture surfaces of the three samples in Figure 4.1. The SPS temperature 
causes the grain size measured using SEM images and the method described 
previously264 to vary from approximately 5 µm for SPS 405 and SPS 450 to approximately 
30 µm for SPS 500. Thus, significant grain growth occurs during SPS. Such grain growth 









Figure 4.1 Digital photographs of (a) SPS 405, (b) SPS 450, and (c) SPS 500. SEM images 
of (d) SPS 405, (e) SPS 450, and (f) SPS 500. Insets in (d) and (e) are high magnification 
SEM images of SPS 405 and SPS 450, respectively. 
 
 
As mentioned in chapter 3, the original PbTe nanowire powder is Te-rich (44.80 ± 0.44 
atomic % Pb, 55.20 ± 0.44 atomic % Te). EDS analysis of the fracture surfaces reveals 
that all SPS’d samples are less Te-rich than the washed and dried nanowire powder and 
that the amount of excess Te decreases with increasing SPS temperature. The SPS 405, 
SPS 450, and SPS 500 discs have Pb:Te atomic ratios of 47.74:52.26, 48.16:51.84, and 
49.45:50.55, respectively. This trend can be explained by the phase diagram of the Pb-
Te system as well as the temperature dependence of the vapor pressure of Te. PbTe is 






shown in Figure 4.2, Te-rich PbTe exhibits a eutectic at 405 °C,191 which leads to the 




Figure 4.2 Pb-Te phase diagram with the approximate variation of composition during 
the SPS process for SPS 500 shown as an example. Adapted by permission from John 
Wiley & Sons: Physica Status Solidi (a) (Mühlberg M, Hesse D. TEM precipitation studies 
in Te-rich as-grown PbTe single crystals. Phys. status solidi. 76:513–24), copyright 1984. 
 
 
As shown in Figure 4.3, the vapor pressure of Te increases monotonically with 
temperature for both pure Te and the Te rich melt at equilibrium with PbTe,192,265 
therefore as the SPS process takes place in a low pressure Ar atmosphere of about 2 






temperature. This explains the greatly reduced Te content in the SPS’d discs as 
compared with the washed and dried nanowire powder as well as the trend in disc 




Figure 4.3 Vapor pressure of Te versus temperature.192,265  
 
 
EDS elemental mapping shown in Figure 4.4 through Figure 4.6 provides insight into the 










Figure 4.4 EDS elemental maps of the fracture surface of SPS 405. (a) Low magnification 





Figure 4.5 EDS elemental maps of the fracture surface of SPS 450. (a) Low magnification 
image, focusing on the Pb-Te distribution. (b) Low magnification image, in which the 









Figure 4.6 EDS elemental maps of the fracture surface of SPS 500. (a) Low magnification 
image, focusing on the Pb-Te distribution. (b) High magnification image, in which the 
mapping software identifies an oxygen-rich region. 
 
 
In Figure 4.4a, the low magnification map shows several micro scale regions that are 
clearly Te-rich, as indicated by the blue color. These regions are likely due to the 
incomplete evaporation of excess Te during the high temperature step of the SPS 
process; the phase diagram in Figure 4.2 specifies that upon cooling, excess Te should 
phase separate from PbTe. The high magnification image in Figure 4.4b shows that sub-
micron Te-rich regions also exist at the boundaries between some of the PbTe grains. 
 
Unlike the elemental maps of SPS 405, the map of SPS 450 shown in Figure 4.5a does 
not unequivocally show Te-rich regions. This is likely due in part to the additional Te 
evaporation that occurs at this SPS temperature. Figure 4.5b shows an elemental map of 






Interestingly, the lower right portion of the map shows a red region, which is likely 
associated with an oxide of Pb and/or Te. 
 
The elemental maps of SPS 500 are similar to those of SPS 450 in that there is not clear 
evidence of Te-rich regions. This is certainly expected as SPS 500 is nearly stoichiometric 
in composition due to the high amount of Te evaporation during the SPS process. As 
with SPS 450, when the EDS mapping program is allowed to identify oxygen, regions 
such as the one shown in Figure 4.6b are shown to be oxygen rich. 
 
Powder XRD on material taken from the discs helps to corroborate the SEM and EDS 
results regarding the grain growth and the nature of the impurities within the materials, 
respectively. As shown in Figure 4.7a, the main peaks from the discs can be indexed as 
PbTe (JCPDS # 01-077-0246). The peaks are noticeably sharper than those of the PbTe 
nanowire powder (Figure 3.3). According the general principal of the Scherrer equation, 
the significant reduction in XRD peak width points to a corresponding increase in grain 
size.266 Regarding impurities, the Te regions observed in the elemental map of SPS 405 
agree with the small peak at 38.25° seen in Figure 4.7b, which is associated with the 
(102) planes of Te. This peak is essentially absent from the XRD patterns on SPS 450 and 
SPS 500. In those samples, small peaks exist that appear to be associated with oxides. In 
SPS 450, a small peak at 28.7° exists, which could be associated with a major standard 
peak from PbO2. In SPS 500, the same peak at 28.7° exists along with a small peak at 






size of these peaks suggests that the extent of oxidation is minimal, which agrees with 




Figure 4.7 XRD patterns of SPS’d PbTe nanowires. (a) Overall view with standard peaks 
for PbTe (JCPDS # 01-077-0246) shown as black lines. (b) Zoomed in view, which reveals 
small peaks associated with impurities. 
 
 
While SEM images and XRD (Figure 4.1 and Figure 4.7) give evidence that grain growth 
occurs during the SPS process, HRTEM images in Figure 4.8 show the presence of 
nanoscale grains. In fact, all three samples possess regions, such as the ones shown, 
with grain sizes of the same order of magnitude as the diameter of the pre-sintered 
PbTe nanowires, which could be associated with the original ultra-thin nanowires. Such 
nano-sized grains, combined with the fine microstructural features observed by SEM are 








Figure 4.8 HRTEM of small grained regions of SPS’d PbTe nanowires with grain 
boundaries and lattice fringes shown as white lines. (a) SPS 405. (b) SPS 450. (c) SPS 500. 
 
 
The HRTEM images also show the presence of both PbTe and Te grains for samples 
sintered at all three temperatures. The presence of Te grains agrees with the EDS results 
and the phase diagram of PbTe.191 The image of SPS 500 indicates a region of PbO2, 
which agrees with both the EDS and XRD analysis. It is likely due to a small, 




Figure 4.9 HRTEM of large grained regions of SPS’d PbTe nanowires with grain 








Additional HRTEM images of the SPS’d discs shown in Figure 4.9 reveal large 
(approximately 60nm by 60 nm) single crystalline regions. The observation of these 
regions agrees with the SEM and XRD results which show the presence of large grains as 
a result of all three SPS temperatures.  
 
4.3.2 Thermoelectric Properties 
Results from electrical measurements on the SPS’d samples are shown in Figure 4.10. 
For all three samples, the electrical conductivity (Figure 4.10a) decreases with increasing 
temperature as is typical for extrinsic PbTe. Meanwhile, the Seebeck coefficient (Figure 
4.10b) increases monotonically with temperature, further signifying that the onset of 
thermal excitation of carriers does not take place in the temperature range investigated 
here. While the Seebeck coefficients of the three samples are two to four times larger 
than those of heavily doped bulk PbTe in this temperature range, the low electrical 










Figure 4.10 (a) Electrical conductivity, (b) Seebeck coefficient, (c) Power factor, (d) Hall 
coefficient, (e) Mobility, and (f) Pisarenko plot of the three SPS’d PbTe nanowire discs. 
The SPB model-based calculation is also shown in (f) for comparison. 
 
 
Variable temperature Hall measurements (Figure 4.10d) show that the Hall coefficient 
slowly increases with temperature for all samples, which is typical of p-type PbTe and is 
usually explained by the relative movement of the L and Σ valence bands with 
temperature at a fixed hole concentration.97,189,267 The carrier concentration is 






where 𝑝 is the carrier concentration and 𝑅ℎ  is the Hall Coefficient at 300 K. This 






satisfied in p-type PbTe.46,268 The hole concentration is found to increase from 2.2 x 1018 
cm-3 for SPS 405 to 2.6 x 1018 cm-3 for SPS 500.  
 
 
Figure 4.11 Phase diagram of the Pb-Te system near the 50 atomic % Pb line. Adapted 
by permission from John Wiley & Sons: Physica Status Solidi (a) (Mühlberg M, Hesse D. 
TEM precipitation studies in Te-rich as-grown PbTe single crystals. Phys. status solidi. 
76:513–24), copyright 1984. 
 
 
The variation in carrier concentration with SPS temperature can be explained using the 
near stoichiometric PbTe portion of the Pb-Te phase diagram shown in Figure 4.11.191 
For binary PbTe, the carrier concentration is dependent on the amount of excess Pb or 
Te in the PbTe phase, thus slightly more than 50 atomic % Te corresponds to a carrier 
concentration of 1 x 1017 and additional Te in the PbTe phase results in higher carrier 






4.11 is the carrier concentration instead of the atomic % Te. 268 The solubility limit of 
excess Te in PbTe increases with temperature from less than 0.001 atomic % at 200 °C 
up to 0.015 atomic % at 600 °C, which results in carrier concentrations of as high as 8x 
1018 cm-3.191  
 
During the SPS process, the high temperatures presumably facilitate the dissolution of 
the available excess Te into the PbTe phase. Barring significant diffusion limitations, the 
amount of Te dissolved in the PbTe phase should be in accordance with the amount 
predicted by the phase diagram. As the cooling to room temperature after the SPS 
process is fairly rapid (<45 minutes), some of the excess Te should be frozen into the 
PbTe phase. The extent to which the excess Te is indeed frozen in is shown in Table 4-1. 
Clearly, the experimentally determined carrier concentration increases with SPS 
temperature as predicted. However, it appears that during cooling from the higher SPS 
temperatures, the excess Te is sufficiently mobile to leave the PbTe phase as suggested 
by the deviation between the predicted and experimental carrier concentrations. 
 
Table 4-1 Variation of carrier concentration with SPS temperature. 
Sample Carrier concentration predicted 
by phase diagram (cm-3) 
Carrier concentration calculated 
using Hall measurement (cm-3) 
SPS 405 2.2 x 1018 2.15 ± 0.06 x 1018 
SPS 450 3.4 x 1018 2.49 ± 0.05 x 1018 








After the SPS process, the hole concentration decreases if the discs are exposed to 
temperatures above 400 K for long periods of time in accordance with the low carrier 
concentration predicted by the phase diagram.191 Therefore, all transport property 
measurements are performed at 400 K and below to obtain agreement between data 
obtained during heating and cooling. 
 
Charge carrier mobility is calculated according to 
 µ = 𝜎(𝑇)𝑅ℎ(300 𝐾) (4.3) 
The use of the Hall coefficient at 300 K is motivated by the fact that the increase in the 
Hall coefficient with increasing temperature stems from the changing relative 
contributions of the heavy and light valence bands and not from an actual change in 
carrier concentration.269,270 The mobility steadily decreases with increasing temperature 
for all samples as shown in Figure 4.10e, which is typical for extrinsic PbTe as the 
acoustic phonon scattering becomes stronger at higher temperatures. However, the 
mobility is suppressed compared to the bulk values due to porosity and presumably due 
to the microstructure and nanostructure as well. Interestingly, the mobility does not 
increase monotonically with SPS temperature as might be expected based on the trends 
in grain size and relative density. Instead SPS 450 shows the highest mobility of the 
three samples and this contributes to SPS 450 possessing the highest power factor. 
 
In Figure 4.10f, the Seebeck coefficient is plotted as a function of carrier concentration 






based on the SPB model assuming acoustic phonon scattering and an effective mass of 
0.36 times the free electron mass is also shown in Figure 4.10f.43,44 The experimental 
Seebeck coefficients for SPS 450 and SPS 500 are in good agreement with the values 
predicted by the SPB model (<2 % different), while the Seebeck coefficient of SPS 405 is 
about 10 % larger than the SPB value at 300 K. Several previous studies on 
nanostructured PbTe have attributed similar discrepancies to a change in the energy 
dependence of charge carrier scattering.199,200,208,271 Meanwhile, a more recent study 
suggests that apparent deviations from theoretical relations and historical data for PbTe 
could be due to electronically inhomogeneous PbTe samples leading to discrepancies 
between the carrier concentration determined by Hall measurements and the true 
carrier concentration.272 In the case of the data for SPS 405, the modest 10% deviation 
from the SPB value could be explained by the presence of additional scattering 
mechanisms or perhaps even by electronic inhomogeneity resulting from the phase 








Figure 4.12 Thermal properties of SPS’d PbTe. (a) Thermal diffusivity. (b) Specific heat 
capacity. (c) Total thermal conductivity. (d) Electronic component of thermal 
conductivity. (e) Lattice component of thermal conductivity. (f) 𝑍𝑇. 
 
 
The result for the thermal properties measurements and 𝑍𝑇 are shown in Figure 4.12. 
The thermal diffusivities (Figure 4.12a) of the three samples decrease with temperature 
and are approximately two to four times lower than p-type PbTe grown by melting 
elemental precursors.97 The specific heat (Figure 4.12b) of the three samples increases 
slightly from 300 K to 400 K and throughout the entire temperature range is within 3 % 
of the commonly used empirical model,186 
 𝐶𝑝 (𝑘𝑏 per atom) = 3.07 + 4.7 ∙ 10






The total thermal conductivity is shown in Figure 4.12c. As expected for this 
temperature range, thermal conductivity monotonically decreases with temperature. 
Furthermore, the thermal conductivity increases monotonically with increasing SPS 
temperature, which is likely due to the trends in grain size and relative density.  
 
The electronic component of thermal conductivity is calculated by the Wiedemann-









= 2.45 ∙ 10−8WΩ/K2 
(4.5) 
gives a good approximation, a more accurate value can be calculated using the SPB 
model assuming acoustic phonon scattering. First, the reduced Fermi level can be 
calculated at each temperature of interest using experimental values for the Seebeck 










The Lorenz number can then be calculated using the equation273 













In practice, it is convenient to create a correlation between the Seebeck coefficient and 








Figure 4.13 Lorenz number as a function of Seebeck coefficient under the approximation 
of the SPB model and acoustic phonon scattering. 
 
 
As the carrier concentrations and electrical conductivities of the discs are lower than 
highly doped PbTe, the electronic components of thermal conductivity are below 0.1 
W/mK for all samples. The lattice components of thermal conductivity are calculated 
assuming that the bipolar component is negligible. As shown in Figure 4.12e, the lattice 
components of thermal conductivity are in the range of 0.6 – 1.2 W/mK; thus the lattice 
contribution dominates the heat transport. The lattice components of thermal 
conductivity are approximately 1.8-2.5 times smaller in the SPS’d materials than in bulk 
PbTe.43,186 
 
The 𝑍𝑇 calculated for the SPS’d PbTe nanowire discs is presented in Figure 4.12f. As the 






conductivity is that of the cross-plane direction, the 𝑍𝑇 values are only accurate if the 
samples are isotropic. The SEM and TEM images of the discs suggest that the discs are 
nearly isotropic, although it is difficult to quantify the extent of isotropy. Overall, the 
measurement of in-plane electrical properties and cross-plane thermal properties for 
the purposes of 𝑍𝑇 calculations is a natural result of using thin disc samples made by 
high temperature compression. Uniaxially compressed samples with heights of at least 
ten mm are sometimes used for evaluation of the thermal conductivity perpendicular to 
the pressing direction and/or the electric properties parallel to the pressing 
direction.187,216 However, such samples are not commonly made within the solution 
synthesis community for whom the preparation of enough material to make ten mm tall 
compressed discs/cylinders would be quite time consuming.  
 
The three samples exhibit maximum 𝑍𝑇 values in the range of 325 – 375 K, which is 
typical of PbTe with low carrier concentration.196,274 The combination of a high mobility 
and low lattice thermal conductivity in SPS 450 results in a maximum 𝑍𝑇 of 0.33 at 350 K, 
the highest observed in this study. As shown in Figure 2.6, this and other values for 𝑍𝑇 
observed in the present study are significantly larger than those of other solution 
synthesized PbTe samples from literature. Figure 2.5 shows that the room temperature 
Seebeck coefficients and electrical conductivities of the SPS’d material from the present 
study are not markedly different from those of other solution synthesized samples. Thus, 
the carrier concentration and even the mobility do not appear to be responsible for the 






mobility to lattice thermal conductivity is the key difference between the SPS’s material 
in this study and other solution synthesized PbTe, as described in detail below. 
 
Figure 4.14 shows how the hole mobility of the SPS’d material is in a similar range as 
that of many other solution synthesized PbTe samples, despite the porosity of the SPS’d 
samples.198–201 In principal, the high charge carrier mobilities of the SPS’s samples could 
be associated with the formation of the Te-rich liquid during the SPS process that could 
help lead to good inter-grain contact in the final solid disc.  
 
Also shown in Figure 4.14 is how the lattice component of thermal conductivity for the 
SPS’d materials in this study are around two times lower than other solution synthesized 
materials. Interestingly, several solution synthesized materials have lattice thermal 
conductivities that are similar to or even larger than that of large grained PbTe.43 The 
lattice component of thermal conductivity is generally thought to be associated with 
three main structural features including porosity, microstructure, and 
nanostructure.96,109,262 The porosity of the SPS’s samples is generally larger than that of 
the other solution synthesized materials, the microstructure of the SPS’d samples is 
similar to that of the other solution synthesized materials, and the extent of nano-sized 
features in the various materials is either unexplored or difficult to quantify. Future 
research should aim to explore the relative importance of these three types of structural 








Figure 4.14 Hall mobility versus lattice thermal conductivity for solution synthesized and 
bulk PbTe at or near room temperature. 
 
 
The colored lines in Figure 4.14 represent constant values of the ratio of mobility to 
lattice thermal conductivity. The SPS’d samples in this study possess room temperature 
ratios of 262 to 404 (cm2/Vs)/(W/mK) while most of the other solution synthesized 
materials possess ratios of less than 200 (cm2/Vs)/(W/mK). This is the key reason why 
the SPS’d material in the present study has an increased 𝑍𝑇 compared with the solution 
synthesized material in literature.  
 
The relatively large ratios of mobility to lattice thermal conductivity and associated 𝑍𝑇 






eliminate oxygen exposure prior to SPS. In principle, oxide phases in the material could 
present a significant barrier to charge carriers but have a relatively small impact on 
lattice vibrations such that oxidation could ultimately reduce the ratio of mobility to 
lattice thermal conductivity. Much prior work on solution synthesized p-type PbTe 
discusses oxide phases observed using XRD.198–200 In fact, oxide phases are also 
observed in the present study. Unfortunately, without actual XRD patterns presented in 
literature, it is not possible to quantitatively compare the extent of oxidation in the 
various materials.  
 
The comparison between the 𝑍𝑇  values of the present unintentionally Te-doped 
solution synthesized PbTe and large-grained highly Na-doped in Figure 2.6 is mostly 
useful for simply emphasizing the need to increase the carrier concentration in the 
solution synthesized material in order to reach the optimum range. This need is 
addressed in chapter 5. A full assessment of whether the porosity, microstructure, and 
nanostructure of the SPS’d samples leads to an increase in 𝑍𝑇 compared to large-
grained material would require knowledge of the 𝑍𝑇 of a large-grained PbTe sample 
with a similar carrier concentration as the SPS’d samples across the same range of 
temperatures considered in the present study. A search through the literature revealed 
no such knowledge available. Fortunately, knowledge of the lattice thermal conductivity 
and charge carrier mobility of large grained PbTe with carrier concentrations in the 
range of 2-3 x 1018 /cm3 is available in literature.43,269,275 Thus, the concept of the ratio 






the effect of the porosity, microstructure, and nanostructure in the present SPS’d 
samples.  
 
Figure 4.14 shows that the high mobility of 790 ± 96 cm2/Vs and high lattice thermal 
conductivity of 2.04 W/mK for the large-grained material lead to a ratio of 388 
(cm2/Vs)/(W/mK) at room temperature. Note that the values of the mobility reported 
for large-grained p-type PbTe are obtained using equation (4.3, generally at 
temperatures of nearly 300 K, thus they are appropriate for comparison with the results 
from the present study on SPS’d PbTe. The ratio for the SPS 450 sample, 404 
(cm2/Vs)/(W/mK), is quite similar to the large-grained value while those of SPS 405 and 
SPS 500 are significantly lower. Therefore, the 𝑍𝑇 versus temperature curve for SPS 450 
could be expected to be similar to or slightly enhanced compared with similarly doped 
large-grained p-type PbTe. The 𝑍𝑇 versus temperature curves for SPS 405 and SPS 500 
could be expected to be noticeably lower than that of similarly doped large-grained p-
type PbTe. Thus, the conclusions regarding the best SPS’d PbTe sample are similar to 
those of the best solution synthesized p- and n-type (Bi,Sb)2(Te,Se)3 discussed in chapter 
2; the figure of merit is quite similar to that of the corresponding large-grained material 
and cost comparison of the synthesis methods is one logical next step. 
 
4.4 Conclusions 
In summary, PbTe nanowires with diameters of around 12 nm are synthesized in 






into millimeter-scale discs using SPS. Samples formed by SPS at 405 °C, 450 °C, and 
500 °C possess micrometer-sized grains as well as nanometer-sized grains, which results 
in a reduced thermal conductivity compared to bulk PbTe. All samples are p-type with 
low carrier concentrations in the range of 2.2 – 2.6 x 1018 cm-3 in accordance with the 
low solubility of excess Te in PbTe. This results in a maximum figure of merit of 0.33 at 
350 K. This is significantly larger than the 𝑍𝑇 values of other solution synthesized p-type 
PbTe in literature. Based on the ratio of charge carrier mobility to lattice thermal 








CHAPTER 5. THERMOELECTRIC PROPERTIES OF BISMUTH AND SODIUM DOPED LEAD 
TELLURIDE NANOWIRES 
5.1 Introduction 
One of the clear lessons from the results described in chapter 4 is that excess Te or Pb 
cannot lead to the range of carrier concentrations required to obtain high 𝑍𝑇 at high 
temperature where PbTe is best suited. A doping strategy must be developed. As 
described in chapter 2, several challenges exist in the area of doped solution 
synthesized PbTe. The research described in this chapter begins to address these 
challenges through two doping strategies.  
 
In the first strategy, Bi precursor is added during the solution synthesis of PbTe 
nanowires to form Bi-doped PbTe nanowires that are hot pressed or SPS’d to form n-
type discs. The carrier concentration is controlled using the amount of Bi precursor 
added. The use of Bi as a dopant is motivated by two factors. First, Bi cations normally 
exist in the +3 valence state. With Pb existing in the +2 valence state in PbTe, BiPb 
defects should, in principal, contribute one free electron for charge transport. Much 
prior literature shows that Bi does indeed act as an n-type dopant in PbTe.43,196,276–279 
Second, prior experiments on the synthesis of Bi2Te3 nanowires using Te nanowire 






that, unlike K, Bi precursor in solution should react with the Te nanowires during PbTe 
synthesis to dope PbTe.  
 
In the second strategy, PbTe nanowires are synthesized using the procedure described 
in chapter 3, a small amount of Na2Te powder is added to the dry PbTe nanowire power, 
the two are mixed, and they are then hot pressed to form p-type discs with high carrier 
concentrations. The use of Na is motivated by its well-known ability to dope PbTe to 
carrier concentrations in excess of 1020 /cm3.186,280 Hot pressing is chosen instead of SPS 
because long sintering times are, in fact, desirable in order to allow for Na to diffuse 
from the Na2Te powder to the PbTe to form NaPb defects required to achieve high hole 
concentrations.281  
 
A thorough evaluation of the thermoelectric properties of the Bi- and Na-doped discs is 
yet to be completed. However, initial studies provide evidence of the efficacy of the 
doping methods and suggest paths to achieve improved 𝑍𝑇 for doped PbTe nanowire 
discs. 
 
5.2 Experimental Methods 
5.2.1 Bi-Doped PbTe Nanowire Synthesis and Disc Preparation 
Bi-doped PbTe nanowires are synthesized using a slightly modified version of the 
synthesis procedure described in section 3.2. First, 43 mmol of Te nanowires are grown 







of Pb and Bi is prepared by combining 16.93 g Pb(CH3CO2)2•3H2O (43.0 mmol), a 
specified amount of Bi(NO3)3•5H2O (Aldrich, 98%), 4.3 g PVP and 125 ml ethylene glycol 
in a beaker. Table 5-1 shows the sample names and corresponding amounts of Bi 
precursor for different doping levels.  
 
Table 5-1 Bi-doped PbTe nanowire sample names and synthesis recipe details. 
Sample name Bi:Pb molar precursor ratio Bi(NO3)3•5H2O added (g) 
0.5 % Bi 0.005 0.104 
1.0 % Bi 0.01 0.209 
2.0 % Bi 0.02 0.417 
3.0 % Bi 0.03 0.626 
 
 
The solution is stirred on a 120 °C hot plate for about ten minutes, which causes the 
Pb(CH3CO2)2•3H2O and PVP to dissolve. The hot plate is then turned off to help the 
Bi(NO3)3•5H2O remain dissolved. The hot plate is set to 120 °C for five to ten minutes 
prior to addition to the Te nanowire solution. One hour after the initiation of Te 
nanowire growth using N2H4, the Pb/Bi precursor solution is added into the reaction 
mixture. One hour after the Pb/Bi precursor addition, the jacket temperature setpoint is 
decreased to 20 °C. When cooled, the products are collected in a Pyrex container. 
 
The material is washed using the same procedure as that described in section 3.2. After 
the final (seventh) centrifuge step, the nanowire powder that is still wet with ethanol is 
loaded onto a long graphite sheet and into a horizontal tube furnace. The material is 







four torr with a tube furnace set point temperature schedule shown in Figure 5.1. The 
slow increase to 100 °C in the first two hours is intended to fully remove the ethanol. 
The brief step at 350 °C is intended to cause Te to sublime in order to bring the Pb:Te 
ratio close to one. Ultimately, the goal is to prevent the material from melting during 
the eventual SPS procedure, as requested by the SPS instrument staff.  
 
 
Figure 5.1 Tube furnace set point temperature during the Bi-doped PbTe annealing. 
 
 
After annealing, the fully dry chunk material is transferred to a nitrogen filled glove box 
where it is ground into a fine power. The material is SPS’d into a high relative density 
disc using a procedure identical to that described in chapter 4. A SPS temperature of 
450 °C is chosen because of the fine grain structure and high mobility of the SPS 450 
material from chapter 4. 
 
The approximate values of the Seebeck coefficients of several samples are determined 







connected to two gold electrodes using Ag paint. Then, one end of the sample and of a 
piece of constantan reference material are heated a few °C and the voltages across the 
sample and reference are measured. The ratio of the sample and reference voltages and 
the known Seebeck coefficient of the reference material are used to estimate the 
Seebeck coefficient of the sample. 
 
5.2.2 Na-Doped PbTe Nanowire Disc Preparation 
For most discs, PbTe nanowire powder is prepared using a method identical to that 
described in chapter 3. For a small number of discs, the procedure is slightly modified; 
the hydrazine washing step is accomplished without stirring. The material that receives 
thorough mixing during the hydrazine washing step is henceforth referred to as fully 
hydrazine washed PbTe while the material that is washed with hydrazine without 
stirring is henceforth referred to as partially hydrazine washed PbTe. These names 
reflect the fact that, without stirring, some of the PbTe remains packed at the bottom of 
the container and may not come in contact with the hydrazine in the solution above. 
The nanowire powder is prepared for hot pressing by grinding PbTe nanowires together 
with Na2Te powder (Materion Advanced Chemicals, 60 mesh, 99.9%) using a mortar and 
pestle at a proportion of 0.01 g Na2Te for every 1.99 g PbTe nanowires. Typically, high 
accuracy in composition is achieved by preparing a stock solution of 0.1 g Na2Te and 0.9 
g PbTe nanowires, which is fully mixed. For individual discs, an appropriate amount of 








The combined powder is loaded into a 12.7 mm stainless steel die with graphite sheet 
lining the circumference as well as the top and bottom rams. The die is hand pressed 
and loaded onto a four post Carver press with temperature controlled plates. 
Approximately 68 MPa are applied to the die by raising the bottom plate and the plates 
are heated to 500 °C. The typical hot press plate temperature and applied pressure over 
time are shown in Figure 5.2. During the heating step, the bottom plate is periodically 
raised further in order to maintain a pressure of 68 MPa while the material is 
compressed. After both plates are at 500 °C for 30 minutes, the pressure and 
temperature are allowed to drop naturally. Cooling fully to room temperature requires 
at least six hours. As with SPS’d discs, the hot pressed discs are extracted from the die 
and then sanded to fully remove the graphite sheet. Certain hot pressed discs are 
annealed in a horizontal tube furnace under specified conditions. 
 
 










5.3.1 Structure and Composition 
5.3.1.1 Bi-Doped PbTe Nanowires 
The addition of Bi precursor during the solution synthesis of PbTe nanowires does not 
have a great impact on the morphology or phase of the resulting washed material as 
shown below. TEM images of the four samples with different amounts of Bi are shown 
in Figure 5.3. The nanowires shown have essentially the same diameter as 
unintentionally-doped PbTe nanowires described in chapter 3. Some larger 
nanostructures are also observed under TEM (not shown). However, it is difficult to 
quantify the relative amounts of these nanostructures or determine if they are 









Figure 5.3 TEM images of Bi-doped PbTe nanowires. (a) 0.5 % Bi. (b) 1.0 % Bi. (c) 2.0 % Bi. 
(d) 3.0 % Bi. 
 
 
The XRD patterns of the four samples shown in Figure 5.4 are all indicative of pure PbTe. 
The usual large peak width associated with small grain size is observed for all four 
samples. Interestingly, no peaks associated with Bi2Te3 are observed. This suggests that 
the relatively large nanoparticles observed in some TEM images are not Bi2Te3. Instead, 
the results suggest that the Bi is present as very small Bi2Te3 particles, which contribute 







bonded to the surface of the PbTe nanowires. In all of these hypotheses, the Bi atoms 
are expected to be well distributed in the washed nanowire material. The benefit of 
such a distribution is that the short sintering times involved in SPS are more likely to be 
sufficient to allow for Bi diffusion and incorporation as a dopant in the final disc.  
 
 
Figure 5.4 XRD patterns of water washed Bi-doped PbTe nanowires. Black lines are 
standard peaks for PbTe (JCPDS # 01-077-0246). 
 
 
Based on results from literature, the diffusion coefficient of Bi atoms in PbTe at 450 °C is 
1.6 nm2/s.282 In the five minutes that the material is at 450 °C during SPS process, the 
diffusion length is estimated as 21.9 nm according to the formula, 
 𝐿𝐷 = √𝑡 ∙ 𝐷𝐵𝑖,𝑃𝑏𝑇𝑒 (5.1) 
where 𝐿𝐷 is the diffusion length, 𝑡 is time, and 𝐷𝐵𝑖,𝑃𝑏𝑇𝑒 is the diffusion coefficient of Bi 
in PbTe. With the additional consideration of the heating and cooling steps as well as 







21.9 nm is larger than the typical PbTe nanowire diameter, the Bi should reach an 
equilibrium distribution within the PbTe, particularly if the Bi atoms are initially located 
within the PbTe nanowires or on their surfaces. 
 
5.3.1.2 Compressed Discs of Bi-Doped PbTe Nanowires 
The discs of Bi-doped PbTe nanowires made by SPS are analyzed using XRD. The results 
in Figure 5.5 show that the majority of the material in the discs is PbTe. The sharp peaks 
indicate that significant grain growth occurs during the SPS process, which is also 
observed in the discs of PbTe described in chapter 4. The XRD patterns of all four Bi-
doped discs possess small peaks at around 38.0 °, which could be associated with a 
variety of materials including Te, PbBi2Te4, PbBi4Te7, PbBi6Te10, or Bi2Te3.  
 
 
Figure 5.5 XRD patterns of SPS’d discs of Bi-doped PbTe nanowires. Black lines are 









It is unlikely that the peak represents Te as the annealed Bi-doped PbTe nanowires are 
shown by EDS to have Pb:Te ratios of one or slightly larger. It is interesting, then, that a 
secondary phase is formed at all because the pseudo-binary phase diagram for the 
PbTe-Bi2Te3 system shows that Bi is miscible at up to 7 % in PbTe at 450 °C and over 4 % 
at 400 °C.283 While the solubility decreases with decreasing temperature, it is interesting 
that the dissolved Bi is not all frozen into the structure more effectively, but that some 
phase segregates at low temperature. 
 
Also present, although not easily discernable, in the XRD pattern in Figure 5.5 are peaks 
at about 28.7 °, 29.9 °, an 42.6 °, which could be associated with PbTeO3. The presence 
of oxide in the final material could be due to the brief exposure of the annealed material 
to oxygen during the transfer to an inert environment.  
 
5.3.1.3 Na-Doped Compressed Discs of PbTe Nanowires 
The structure and composition of the Na-doped PbTe are evaluated using XRD, SEM, and 
EDS elemental mapping. The effect of not mixing the PbTe nanowires during the 
hydrazine washing step is emphasized in the SEM and EDS mapping results. The XRD 
pattern for a Na-doped hot pressed disc made using fully hydrazine washed PbTe is 
shown in Figure 5.6. The sharp peaks imply that significant grain growth occurs during 







time and slow cooling process. The lack of noticeable impurity peaks suggests that the 
material is pure PbTe without any other crystalline phase.  
 
 
Figure 5.6 XRD pattern of Na-doped hot pressed fully hydrazine washed PbTe nanowires. 
Black lines are standard peaks for PbTe (JCPDS # 01-077-0246). 
 
 
The SEM images of the discs made from fully and partially hydrazine washed PbTe are 
shown in Figure 5.7. The low magnification images reveal that the fully washed sample 
is significantly more porous than the partially washed sample. This is reflected in the 
relative densities of the two discs: 72 % and 90 % for the fully and partially washed 
samples. The high magnification images reveal two important facts. First, the average 
grain sizes of the fully washed and the partially washed materials are 3.2 and 5.6 µm, 
respectively. Second, the partially washed material has fine topological features that are 
generally near grain boundaries, while the fully washed material does not possess such 








Figure 5.7 SEM images of fracture surfaces of Na-doped hot pressed PbTe nanowires. (a, 
c) Fully hydrazine washed PbTe. (b, d) Partially washed PbTe. 
 
 
Elemental maps of the Na, Pb, Te, C, and O detected by EDS in two discs are shown in 
Figure 5.8 and Figure 5.9. The maps of the fully washed material show that Na is largely 
localized in micro scale regions within the disc. Furthermore, the O is preferentially 
located with the Na. This could perhaps be associated with oxidation of the Na during 
the hot pressing process or even after the sample is fractured when the fracture surface 







large amounts and where Pb is relatively absent. Thus, it appears that the excess Te 
present in the PbTe nanowire powder phase segregates to some extent. Finally, the 
maps show that C is not concentrated in specific areas, but is distributed throughout the 










Figure 5.8 Elemental maps of Na-doped hot pressed fully hydrazine washed PbTe 










Figure 5.9 Elemental maps of Na-doped hot pressed partially hydrazine washed PbTe 
nanowires. (a) Secondary electron image. (b) Na. (c) Pb. (d) Te. (e) C. (f) O. 
 
 
The elemental maps of the partially washed material in Figure 5.9 show very different 
features compared to those of fully washed material. The Na appears uniformly 







are regions in which O is concentrated, yet these do not correspond to regions of 
concentrated Na. Thus, in many ways, the material appears to be uniform Na-doped 
PbTe with a small amount of oxidation. However, the C map reveals an interesting 
phenomenon. There are regions in which the C signal is quite strong, which correspond 
to the regions of the secondary electron image where there are fine topological features. 
It appears, then, that the fine structural features at the grain boundaries of the partially 
mixed material are associated with C. This is likely due to the incomplete removal of PVP 
during the hydrazine washing step. Further experimentation is required to more fully 
prove this hypothesis. 
 
As discussed later, the effectiveness of Na-doping in fully washed PbTe is significantly 
improved by annealing. Interestingly, the annealing conditions applied do not result in 
grain growth by orders of magnitude. For discs annealed in an environment of forming 
gas at 600 torr at 550 °C for two hours, or an environment of flowing forming gas at 
about four torr at 700 °C for ten hours, the average grain sizes remain below 10 µm as 










Figure 5.10 SEM images of fracture surfaces of annealed Na-doped hot pressed fully 
washed PbTe nanowires. (a, c) Annealed at 550 °C for 2 hours. (b, d) Annealed at 700 °C 
for 10 hours. 
 
 
5.3.2 Thermoelectric Properties 
5.3.2.1 Compressed Discs of Bi-Doped PbTe Nanowires 
The effectiveness of the Bi doping method is shown by the Seebeck coefficients 
estimated using an MMR SB100 Seebeck measurement system. As shown in Figure 5.11, 







temperatures investigated. Additionally, the absolute value of the room temperature 
Seebeck coefficient monotonically decreases with increasing doping level, which 
strongly suggests a monotonic increase in carrier concentration.187 The Bi-doping 
strategy therefore provides an ability to control the carrier concentration of PbTe, so 
the optimal carrier concentration should be attainable. 
 
 
Figure 5.11 Seebeck coefficient of SPS’d Bi-doped PbTe nanowire discs estimated using 
an MMR system.  
 
 
The effectiveness of the doping strategy is further suggested by a monotonic increase in 
the electrical conductivity with the amount of Bi added. The room temperature 
electrical conductivities are 3.8, 141, and 232 S/cm for the 0.5 %, 1.0 %, and 2.0 % 
samples. The electrical conductivity of the 3.0 % Bi sample is uncertain at this point and 
should be evaluated as part of a fuller study on the thermoelectric properties of Bi-








Figure 5.12 Seebeck coefficient versus electrical conductivity near room temperature for 
n-type PbTe. Data from reference 209 adapted with permission from the American 
Chemical Society. Copyright 2014. See literature cited section for full reference details. 
 
 
Given that the room temperature electrical properties of the Bi-doped samples are 
known or have at least been estimated, Figure 5.12 shows a comparison with other n-
type PbTe from literature. The Seebeck coefficient is estimated as two thirds of the 
value obtained using the MMR system, which is based on general observations and 







While the sample doped with 0.5 % Bi has a very low power factor, the samples doped 
with 1 and 2 % Bi fair quite well compared with other solution synthesized materials. 
Based on the results from chapter 4, the thermal conductivity can vary greatly among 
solution synthesized PbTe, thus the Bi-doped PbTe samples may indeed have larger 𝑍𝑇 
values than other solution synthesized n-type PbTe samples. A more complete set of 
measurements is required to make this determination. This is left as the subject of 
future work. 
 
5.3.2.2 Na-Doped Compressed Discs of PbTe Nanowires 
Electrical measurements on Na-doped compressed discs of PbTe nanowires reveal that 
the Na-doping strategy can be effective in certain cases. The disc made from fully 
washed PbTe nanowires apparently has a low carrier concentration as suggested by the 
low room temperature electrical conductivity (32 S/cm) and high estimated room 
temperature Seebeck coefficient (319 µV/K).186 However, high temperature annealing is 
shown to raise the carrier concentration significantly. After annealing in an environment 
of forming gas at 600 torr at 550 °C for two hours, the electrical conductivity increases 
to around 1,100 S/cm and the estimated room temperature Seebeck coefficient drops 
to 55 µV/K. After annealing in an environment of forming gas at four torr at 700 °C for 
ten hours, the room temperature electrical conductivity of a Na-doped hot pressed PbTe 
sample increases to 1,340 S/cm and the estimated room temperature Seebeck 







electrical conductivities despite the significant amounts of porosity shown in Figure 5.10. 
Future work on Na-doped fully washed PbTe nanowires should aim to reduce the 
porosity to further increase the mobility, while preserving the small grain size. 
 
Meanwhile, the disc made from partially washed PbTe nanowires appears to have a 
relatively high carrier concentration as suggested by the high room temperature 
electrical conductivity (>500 S/cm) and low estimated room temperature Seebeck 
coefficient (176 µV/K). A room temperature Hall measurement of the disc confirms that 
the carrier concentration is 3.2 ± 0.5 x 1019 /cm3, which is over ten times larger than that 
of PbTe nanowires doped with excess Te.  
 
Due to the promising results for Na-doped partially washed PbTe nanowires, the 
electrical conductivity and Seebeck coefficient are measured using the accurate 
measurement systems described in chapter 4. The results are shown in Figure 5.13. The 
electrical conductivity unexpectedly increases from 300 to 350 K. It then decreases with 
temperature as expected for highly doped PbTe.43 It is important to note that the 
electrical conductivity does reach a local minimum at high temperature as this would be 
indicative of bipolar transport associated with low doping levels. The Seebeck coefficient 
monotonically increases with temperature and is nearly equal to that of bulk Na-doped 








Figure 5.13 Electrical properties of Na-doped hot pressed partially hydrazine washed 
PbTe nanowires. (a) Electrical conductivity. (b) Seebeck coefficient. 
 
 
The power factor calculated based on the data in Figure 5.13 is shown in Figure 5.14. 
The results reveal two very important facts. First, the maximum power factor observed 
is in the temperature range of 500 to 550 K, which is much higher than that of the SPS’d 
PbTe nanowire discs discussed in chapter 4. Second, the maximum power factor is 













One issue with Na-doped hot pressed partially washed PbTe nanowires is that the room 
temperature electrical conductivity changes after high temperature procedures. 
Immediately after hot pressing, the electrical conductivity is 521 S/cm, but this changes 
to 679 S/cm after annealing at 427 °C, and then changes to 519 S/cm after the Seebeck 
measurement up to 338 °C. Finally, after electrical conductivity measurements up to 
327 °C the room temperature electrical conductivity drops to 349 S/cm. This change in 
electrical conductivity could be associated with the two phase PbTe/C nature of the 
material observed by elemental mapping. In principal, thermal expansion coefficient 
mismatch could cause the bonding between the materials to weaken after repeated 
temperature cycling. Therefore, future work should focus on annealed Na-doped hot 













Figure 5.15 allows for the comparison of the room temperature properties of the Na-
doped PbTe described in chapter 5 with those of other solution synthesized and large-
grained p-type PbTe in literature. Clearly, the Seebeck coefficients observed in the 
present materials are within the range associated with the optimal carrier concentration 
in p-type PbTe. This is a significant feat that had not been achieved in solution 







material are lower than those of large-grained PbTe, the porosity and fine 
microstructure in the nanowire-based material likely results in a decrease in lattice 
thermal conductivity which could lead to comparable 𝑍𝑇 values. Furthermore, the three 
representative Na-doped samples are formed using processes that are far from 
optimized. Presumably, superior hot pressing facilities which allow for air-free 
processing could improve the charge carrier mobility of the solution synthesized 
material. Thus, additional work on Na-doped discs made from PbTe nanowires should 
focus on improved processing and ultimately a full characterization of the materials in 
order to determine the 𝑍𝑇 values in the temperature range of 300-750 K.  
 
5.4 Conclusions 
Both Bi-doping and Na-doping are effective methods to increase the carrier 
concentration of PbTe nanowires. In the case of Bi-doped PbTe nanowires, the addition 
of a Bi precursor during the solution synthesis has a minimal effect on the morphology 
and phase of the as-synthesized PbTe nanowires, yet has a significant effect on the 
electrical properties of SPS’d discs made from Bi-doped PbTe nanowire powder. The 
short sintering times involved in the typical SPS procedure are apparently sufficient to 
allow Bi to diffuse and act as an n-type dopant. Furthermore, the carrier concentration 
can be tuned by the amount of Bi precursor added during the solution synthesis.  
 
In the case of Na-doped PbTe nanowire discs, partial hydrazine washing is shown to 







hot pressed discs. However, the properties are not stable at high temperature. For Na-
doped PbTe discs made from fully washed PbTe nanowires, the hot pressed discs have 
low electrical conductivities and carrier concentrations. These can be improved 
significantly with minimal grain growth by annealing at high temperature in an inert 
environment. Future work should focus on using an appropriate high temperature 
compression method to form high relative density discs of Na-doped PbTe nanowires, 
which can then be annealed to form material with improved thermoelectric properties, 








CHAPTER 6. ENVIRONMENTALLY BENIGN SYNTHESIS OF LEAD TELLURIDE AND 
CADMIUM TELLURIDE NANOWIRES 
6.1 Introduction 
The solution synthesis of PbTe nanowires, described in chapter 3 and applied in 
chapters 4 and 5, has many excellent qualities. Namely, it is rapid, scalable, high yield, 
and produces nanowires with diameters below 15 nm. However, one issue exists in the 
synthesis method: it employs significant amounts of anhydrous hydrazine, which is 
extremely hazardous. A search of the literature reveals that many other metal telluride 
synthesis methods employ hydrazine as a reducing agent.103,171,246–249,251 Alternative 
reducing agents such as hydroxylamine105 and sodium borohydride128,201,284 are still 
moderately hazardous or highly flammable. Meanwhile, ascorbic acid (vitamin C) is a 
relatively safe reducing agent that has been used in many solution syntheses of 
inorganic materials285–290 including Te nanowires.238,291,292 In a few cases, ascorbic acid 
has been used to synthesize metal telluride nanowires, yet prior synthesis methods have 
resulted in nanowires with several nanometer thick carbonaceous sheaths293,294 or poor 
control over the nanostructure morphology when synthesizing a broad range of metal 
tellurides.295 This chapter describes the synthesis of PbTe and CdTe nanowires using 
ascorbic acid as a reducing agent. This research is part of a larger project in which Bi2Te3, 








6.2 Synthesis and Characterization Methods 
For the synthesis of metal telluride nanowires TeO2 (≥99%), PVP (Molecular Weight 
40,000), KOH (90%), L-Ascorbic acid (≥99%), Pb(CH3CO2)2•3H2O (≥99.99%), and 
Cd(CH3CO2)2•2H2O (98%) are purchased from Sigma Aldrich. Ethylene glycol (≥99%) is 
purchased from VWR. In a typical synthesis, 0.160 g TeO2 (1 mmol), 0.5 g PVP, 1.5 g KOH, 
and 15 ml ethylene glycol are added to a 50 ml round bottom flask and heated to 85 ° C. 
Meanwhile, a solution of 1.89 M ascorbic acid in DI water is made in a separate glass 
container by heating to 80 °C. When the Te solution reaches 85 °C, 3 ml of the ascorbic 
acid solution are rapidly injected and nitrogen gas is applied to the reaction solution 
using a Schlenk line. Upon ascorbic acid addition, the reaction solution changes from 
transparent yellow to opaque black/brown within approximately two minutes. The 
reaction proceeds at 85 °C for 24 hours to allow the Te precursor to fully convert to Te 
nanowires. 
 
For conversion to PbTe, 0.455 g (1.2 mmol) Pb(CH3CO2)2•3H2O and 0.1 g PVP are 
dissolved in 4 ml ethylene glycol by heating to 80 °C in a separate container. This Pb 
precursor solution is injected into the Te reaction solution followed by the addition of 3 
ml of 1.89 M ascorbic acid in water. The conversion to PbTe proceeds for 24 hours after 
which the reaction solution is cooled to room temperature. The reaction products are 
washed 3 times with DI water and then dispersed in ethanol or DI water for preparation 







identical procedure except that Pb(CH3CO2)2•3H2O is replaced by 0.320 g 
Cd(CH3CO2)2•2H2O (1.2 mmol). 
 
For ultraviolet-visible (UV-vis) studies of CdTe nanowires, washed nanowires are 
dispersed in water in a cuvette. The concentration is adjusted in order to obtain an 
appropriate amount of absorption during the UV-vis studies.  
 
For studies on the reaction over time, aliquots are taken from the reactions by collecting 
1-2 ml and quenching in water. The material is washed two times with water, dispersed 
in ethanol, and drop cast onto TEM grids or amorphous glass for XRD measurements. 
 
6.3 Analysis of Final Reaction Products 
6.3.1 XRD Analysis 
The XRD pattern of the Te produced in the first step is shown in Figure 6.1. The pattern 
corresponds well to that of Te except that peaks from planes such as (001) are 
diminished or absent. This suggests that the (001) planes of the crystals are 
preferentially aligned perpendicularly to the surface of the substrate used during XRD. 
This phenomenon is observed in the nanowires described in chapter 3 and in several 
other nanowire materials.254,296–298 Furthermore, all peaks present are quite broad, 
indicating a small crystal size. Both of these observations agree with the TEM analysis, 









Figure 6.1 XRD pattern of Te nanowires produced in the first step of the ascorbic acid-
based synthesis. Blue lines are standard peaks for Te (JCPDS # 35-1452). 
 
 
The XRD pattern for the PbTe nanowires synthesized in the second step is shown in 
Figure 6.2. The experimental results match well with the standard diffraction pattern for 
PbTe and the peaks are broad, signifying small grain sizes.  
 
 
Figure 6.2 XRD pattern of PbTe nanowires synthesized using the ascorbic acid-based 









The XRD pattern for the CdTe nanowires is shown in Figure 6.3. Since CdTe commonly 
takes either the zinc blende or wurtzite crystal structure, Figure 6.3a shows the 
experimental pattern with the zinc blende reference peaks while Figure 6.3b shows the 
same experimental pattern with the wurtzite reference peaks. While most of the 
experimental peaks align well with peaks in the wurtzite reference pattern, certain 
expected major peaks are absent, particularly the peaks at 32.9° and 42.8°. As shown in 
Figure 6.3a, the reference peaks for zinc blende CdTe are well expressed in the 
experimental pattern. Thus, it appears from the XRD results that the material is mostly 
or fully comprised of zinc blende CdTe. 
 
 
Figure 6.3 XRD pattern of CdTe nanowires synthesized using the ascorbic acid-based 
method. (a) Reference pattern is zinc blend CdTe (JCPDS # 01-070-8041). (b) Reference 
pattern is wurtzite CdTe (JCPDS # 01-073-2871). 
 
 
6.3.2 TEM Analysis 
TEM analysis of the Te nanowires synthesized in the first step is given in Figure 6.4. The 







lengths in the range of several microns. The medium magnification image in Figure 6.4b 
shows the small diameter, the distribution of which is shown in Figure 6.4d. Figure 6.4c 
shows a HRTEM image of a small single crystalline section of a Te nanowire with the 
nanowire axis aligned with the [001] direction. Although HRTEM is not performed along 
the entire length of any single Te nanowire, there is no evidence of polycrystalline 
nanowires in any of the HRTEM images taken. Thus, it seems that most or all of the Te 
nanowires are single crystalline. As with the Te nanowires synthesized using hydrazine, 
the nanowire morphology here is due to the anisotropic crystal structure of Te103,239 as 









Figure 6.4 TEM and HRTEM analysis of Te nanowires. (a) Low magnification image. (b) 




As shown in Figure 6.5, after the 24 hour conversion to PbTe, the original nanowire 
morphology is preserved. In the hydrazine-based synthesis, the nanowires become 
much shorter after conversion to PbTe. In the ascorbic acid-based synthesis, the PbTe 
nanowires appear to be several microns long (Figure 6.5a), just like the original Te 











Figure 6.5 TEM and HRTEM analysis of PbTe nanowires. (a) Low magnification image. (b) 
Medium magnification image. (c) HRTEM image with the (222) and (200) planes 
highlighted. (d) Diameter distribution. 
 
 
The HRTEM image of a single PbTe nanowire in Figure 6.5c shows that the axial direction 
is aligned with the [111] crystal direction. Additionally, a small fraction of PbTe 







(Figure 6.6). This is similar to the chapter 3 results for PbTe nanowires synthesized using 
Te nanowire templates, which showed both [111] and [110] axial directions and is 
different from the [100] axial direction observed in PbTe nanowires grown using two-
step hydrothermal methods.251,293 The mechanism behind the formation of such a 
junction between the two crystalline domains is unclear. 
 
 
Figure 6.6 HRTEM image of a PbTe nanowire that shows sections in which the nanowire 
axis is aligned with the [110] and the [111] direction. 
 
 
TEM analysis of the CdTe products in Figure 6.7 shows that they too possess nanowire 
morphology with lengths of several microns, similar to the original Te nanowires. As 
with the PbTe nanowires, the diameters of the CdTe nanowires are slightly larger than 
the original Te nanowires. Figure 6.7c shows the HRTEM of a typical CdTe nanowire; it is 
polycrystalline with numerous small grains, yet the FFT (Figure 6.8) indicates diffraction 







Thus, while XRD indicates that the majority of CdTe is in the zinc-blende phase, a small 
amount takes the wurtzite phase. Some solution syntheses can yield single crystalline 
zinc-blende CdTe nanowires,105,293,299 yet the presence of defects is fairly common for 
CdTe nanowire synthesized in solution247,300 and it is common for both wurtzite and zinc 
blende phases to be observed within single nanowires.105,297,301 
 
 
Figure 6.7 TEM and HRTEM analysis of CdTe nanowires. (a) Low magnification image. (b) 











Figure 6.8 FFT of HRTEM image of CdTe nanowire showing diffraction spots which can 
be indexed as zinc blende (white rings) and wurtzite (black rings). 
 
 
6.3.3 Yield and Composition 
The yield of each metal telluride nanowire synthesis is calculated based on the mass of 
starting precursors and the mass of the washed and dried reaction products. For PbTe 
and CdTe the yields are approximately 83.3% and 87.5%, respectively, which points to 
the feasibility of efficient large-scale synthesis of these materials.  
 
The composition of the PbTe nanowires is found by EDS analysis to be 49.60 ± 0.04 
atomic % Pb and 50.40 ± 0.04 atomic % Te. Interestingly, these nanowires possess much 







is partly associated with the long reaction time allowed for the conversion to PbTe in the 
ascorbic acid-based method. It could also be due to the 20 % excess Pb, which is added 
to encourage full conversion from Te to PbTe. Given the near stoichiometric 
composition of the PbTe produced using ascorbic acid, SPS’d discs from this material 
would likely possess different electrical and thermal properties than material produced 
using hydrazine. Future work should involve the scaling up of the environmentally 
benign synthesis of PbTe nanowires to ultimately produce high relative density discs for 
a full evaluation of 𝑍𝑇 as a function of temperature. The doping methods described in 
chapter 5 could also be applied to enhance the 𝑍𝑇 values at high temperature.  
 
The composition of the CdTe nanowires is 54.5 ± 1.7 atomic % Cd and 45.5 ± 1.7 atomic % 
Te. Thus, the CdTe nanowires are considerably rich in Cd. Considering the small grained 
polycrystalline nature and the nanowire morphology of the CdTe, such deviations from 
stoichiometry should pose no issues with regard to the phase purity. The presence of 
excess Cd could be due to the 20 % excess Cd precursor added during the synthesis. 
 
6.3.4 UV-vis Analysis 
As CdTe is a useful absorber of solar radiation for photovoltaics, UV-Vis absorption 
measurements are performed to estimate the band gap of the CdTe nanowires 
synthesized in this study.302,303 The results are shown in Figure 6.9. By extrapolating the 
linear portion of the curve of (𝐸𝛼)2 versus 𝐸, the band gap is estimated to be 1.45 eV. 







of background subtraction could be performed. As it is, there is not sufficient data at 
low energy to determine a background level. Nevertheless, the experimental absorption 
results and an estimated band gap of 1.45 eV or slightly higher are quite similar to the 
results for other similarly sized CdTe nanowires reported in literature and even to bulk 
CdTe.295,299 This is not surprising as considerably smaller sizes are required to observe 
quantum-confinement induced increases in band gap of CdTe.304  
 
 
Figure 6.9 UV-vis absorption results for CdTe nanowires. (a) Absorption versus 
wavelength. (b) Tauc plot used to estimate band gap. 
 
 
6.4 Nanowire Growth and Transformation Over Time 
6.4.1 Te Nanowire Growth 
To better understand the Te nanowire formation mechanism as well as the reaction rate 
achieved using ascorbic acid, experiments are performed to observe the reaction 
products over time during the Te nanowire growth step. Aliquots are obtained 5 







addition. As the reaction mixture very gradually changes from transparent to opaque 
within two minutes, it is not surprising that the product in the aliquot taken at five 
minutes is too dilute to observe any solids after centrifuging.  
 
 
Figure 6.10 TEM images of material in aliquots taken at various times after the initial 
ascorbic acid solution addition during the Te nanowire growth step. (a) 20 minutes. (b) 
1.5 hours. (c) 3.5 hours. (d) 7.25 hours. (e) 24 hours. 
 
 
Figure 6.10a-e shows TEM images of the products obtained from the remaining 5 
aliquots. As seen in Figure 6.10a, the nanowires begin as short nanorods with small 
diameters. As the reaction continues, the nanowire diameter stays approximately 







after 24 hours. These trends are shown graphically in Figure 6.11. The spherical particles 
observed at 3.5 hours are likely amorphous Te, which is later absorbed into the 
crystalline nanowires through the ripening process as described in literature and as 
suggested by their absence from the products obtained after 24 hours.237,305 
 
 
Figure 6.11 Te nanowire dimensions as a function of time elapsed after the ascorbic acid 
synthesis. (a) Diameter. (b) Length.  
 
 
Overall, it is clear that the Te nanowires grown using ascorbic acid follow a similar 
mechanism as those grown using hydrazine. Small nuclei form and readily grow in the 
[001] direction with minimal grown in other directions. Over time, additional dissolved 
Te precursor reacts with the nanowire/nanorod ends and the reaction ends when all of 
the dissolved Te precursor is consumed.  
 
The major difference between the two methods is the rate. The slow growth of Te 







employed in several hydrothermal and other solution syntheses of Te nanowires using 
ascorbic acid238,291,293 or other weak reducing agents such as starch,236 PVP,240 ethylene 
glycol,239 or alginic acid.306 Conversely, solution synthesis of Te nanowires under similar 
conditions occurs within one hour or less when hydrazine is used as the reducing agent, 
not only in the method described in chapter 3, but in other methods as well.160,171,255,256 
This highlights the relatively high strength of hydrazine as a reducing agent as compared 
with ascorbic acid. That similar products can be produced using reducing agents with 
such different strengths is an interesting phenomenon which requires further 
investigation to better comprehend. 
 
6.4.2 Conversion to PbTe 
Similar aliquot studies during the second reaction step are performed to observe the 
transformation from Te to metal tellurides. The transformation to PbTe is presented in 
Figure 6.12. XRD patterns obtained from reactions products immediately prior to Pb 
precursor addition as well as 5 minutes, 20 minutes, 1.5 hours, 3.5 hours, 7.25 hours, 
and 24 hours after Pb precursor addition are shown in order from bottom to top. The 
diffraction peaks for PbTe appear after only 5 minutes, yet a shoulder from the Te peak 
at 40.5 ° is present even after 1.5 hours and is mostly absent after the conversion 
reaction proceeds for 3.5 hours. Therefore, like the Te growth step, the conversion to 









Figure 6.12 XRD patterns of aliquots taken at various times during the conversion from 
Te nanowires to PbTe nanowires. The red standard peaks are Te (JCPDS # 35-1452). The 










Figure 6.13 Low magnification images of nanowires during the transformation to PbTe 
at specified times after the Pb precursor addition. (a) 5 minutes. (b) 20 minutes. (c) 1.5 
hours. (d) 3.5 hours. (e) 7.25 hours. (f) 24 hours. 
 
 
Material from the same aliquots from the PbTe transformation is also used for TEM 
imaging. The low magnification images in Figure 6.13 show no significant change in the 
morphology with time. Medium magnification images in Figure 6.14 similarly show no 
distinct difference in the morphology as the reaction progresses. The nanowire diameter 
evaluated using these medium magnification images is shown in Figure 6.15. The initial 
increase in diameter within the first five minutes is immediately apparent. The variation 







with statistical variation associated with small sample sizes (10-20 wires) compared with 
the large overall population.  
 
 
Figure 6.14 Medium magnification images of nanowires during the transformation to 
PbTe at specified times after the Pb precursor addition. (a) 5 minutes. (b) 20 minutes. (c) 














In addition to the low and medium magnification imaging, HRTEM imaging is performed 
on material from the aliquot taken five minutes after Pb addition. The nanowire in 
Figure 6.16 shows lattice fringes with a spacing of 0.59 nm, consistent with the (001) 
planes of Te, that are present only in the central portion of the nanowire, while lattice 
fringes associated with PbTe are mainly present on the nanowire surface. This suggests 
that Pb atoms are incorporated into the Te nanowire radially from the outside to the 
inside instead of axially beginning from the nanowire ends. Such a mechanism for the 
conversion from Te nanowires to metal telluride nanowires is suggested in several 
previous reports,247,249,293,295 yet this represents perhaps the first observation of such a 









Figure 6.16 HRTEM image of a nanowire from the aliquot taken five minutes after Pb 
addition, which shows lattice fringes associated with Te in the center. 
 
 
Also, a minority of HRTEM images of material obtained after 24 hours possess FFT spots 
associated with the (001) planes of Te; however these are noticeably diminished in 
intensity as compared with those of the sample taken only five minutes after Pb 
addition. Therefore, it appears that the conversion from Te to PbTe is not 100 % 
complete even after 24 hours despite the use of 20 % excess Pb precursor. Still, the XRD 
patterns in Figure 6.2 and Figure 6.12 show that the conversion is very nearly 100% 
complete after 24 hours. Potentially, the very small amount of Te that remains could be 








6.4.3 Conversion to CdTe 
XRD patterns of material in aliquots taken during the transformation to CdTe are shown 
in Figure 6.17. In contrast to the transformation to PbTe, the transformation to CdTe is 
rapid. The XRD pattern for the material in the aliquot taken only five minutes after Cd 
injection appears to have no peaks from Te. As the reaction progresses further, no 
significant change is observed in the XRD pattern. While the peak intensity changes 
slightly, this change is not monotonic and is likely associated with unintentional 
variation in the powder distribution and amount on the glass substrates in XRD samples. 
Thus, based on XRD results, the reaction appears to require much less time than that 










Figure 6.17 XRD patterns of aliquots taken at various times during the conversion from 
Te nanowires to CdTe nanowires. The red standard peaks are Te (JCPDS # 35-1452). The 
purple standard peaks are zinc blend CdTe (JCPDS # 01-070-8041). 
 
 
Low magnification TEM analysis of the material in the various aliquots taken during the 
transformation from Te to CdTe is shown in Figure 6.18. At such a broad scale, there is 
no apparent change in the nanowire morphology as the synthesis progresses. In all 
cases, the nanowires are shown to be curved, to have lengths comparable to the image 









Figure 6.18 Low magnification images of nanowires during the transformation to CdTe 
at specified times after the Cd precursor addition. (a) 5 minutes. (b) 20 minutes. (c) 1.5 
hours. (d) 3.5 hours. (e) 7.25 hours. (f) 24 hours. 
 
 
Meanwhile, medium magnification TEM images in Figure 6.19 show an interesting trend. 
The nanowires from the first aliquot have rough surfaces, yet the nanowires obtained 
after 24 hours are quite smooth by comparison. In fact, there is a general trend of 
decreasing roughness with reaction time. Therefore, while the XRD and low 
magnification TEM images reveal no significant change with time, the medium 
magnification images show that the fine nanostructure of the wires changes significantly. 
Future studies could perhaps involve a comparison of the electrical properties of rough 








Figure 6.19 Medium magnification images of nanowires during the transformation to 
CdTe at specified times after the Cd precursor addition. (a) 5 minutes. (b) 20 minutes. (c) 
1.5 hours. (d) 3.5 hours. (e) 7.25 hours. (f) 24 hours. 
 
 
A summary of the nanowire diameter over time is shown in Figure 6.20. The increase in 
diameter associated with Cd uptake in the first five minutes is clear. By comparison, the 














In summary, the two-step Te nanowire self-templated synthesis methods presented 
here produce pure-phase ultra-thin metal telluride nanowires as shown by XRD and TEM. 
The reactions proceed through the use of the environmentally benign reducing reagent, 
ascorbic acid. The Te growth step requires 24 hours, while the conversion to metal 
tellurides requires 3.5 hours or less. Reaction yields of greater than 75% are achieved 
during the synthesis of PbTe and CdTe. It is interesting to note that the analysis of the 
Bi2Te3, Ag2Te, and Cu1.75Te nanowires synthesized by the other researchers working on 
this project shows pure-phase nanowire morphology with similar lengths and diameters. 
Thus, the ascorbic acid-based synthesis is quite versatile in its ability to create a variety 







CHAPTER 7. MEASUREMENT OF THERMAL CONDUCTIVITY OF FLEXIBLE LEAD 
TELLURIDE NANOCRYSTAL COATED GLASS FIBERS USING THE 3-OMEGA METHOD 
7.1 Introduction 
Traditional thermoelectric materials, such as Bi2Te3 and PbTe, are rigid at the millimeter 
scale. As mentioned in chapter 1, the generation of electricity using body heat would be 
more likely to be practical if flexible thermoelectric materials were developed. All 
organic thermoelectric materials are one class of flexible materials which have made 
great progress recently.307 Thermoelectric composites that are comprised of at least one 
flexible material are another class that is of interest. Several conducting 
polymer/inorganic composites have been synthesized and investigated for 
thermoelectrics. These include poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) combined with Te nanowires,292,308,309 poly(3-hexylthiophene) combined 
with Bi2Te3,
310 and others.311–313 Polymer/carbon nanotube composites have also 
received significant attention due to the unique combination of high electrical 
conductivity due to the carbon nanotubes and low thermal conductivity due to the 









Initial attempts at making a high power factor flexible composite in Professor Wu’s lab 
at Purdue focused on physical solution blending of PbTe nanowires and commercial 
PEDOT:PSS. The composites possessed Seebeck coefficients which monotonically 
increased with increasing volume fraction of PbTe nanowires. However, the electrical 
conductivity was significantly reduced as compared with either pure polymer films or 
SPS’d PbTe nanowires. As a result, the composites possessed lower power factors than 
either of the pure materials.326 
 
A second project was therefore initiated, in which PbTe colloidal nanocrystals were 
coated onto flexible glass fibers to form a cylindrical core-shell composite material. 
Initial results were quite promising. The Seebeck coefficient of the composite measured 
using an MMR Seebeck measurement system was over 1 mV/K from 300 to 400 K. 
Combined with a measured electrical conductivity of over 1 S/cm, these composited 
possessed power factors of over 100 µW/mK2.327 As both the Seebeck coefficient and 
electrical conductivity were measured in the axial direction, a more complete 
understanding of the material requires a method by which to measure the thermal 
conductivity in the axial direction as well. 
 
Several methods have been developed to measure the thermal properties of wire-like 
samples in the axial direction. These include the self-heating 3ω method,328 dc thermal 
bridge method,329 thermal flash method,330 optical heating and electrical thermal 







methods are useful for determining thermal diffusivity, but not thermal conductivity. 
The recently developed technique for measuring single nanowires does determine 
thermal conductivity, yet it requires complicated microfabrication.76,77,333,334  
 
The 3ω method can determine the thermal conductivity of wire-like samples directly. 
The principal of the measurement is as follows. A sample is placed in a linear four-probe 
configuration in a vacuum chamber and sinusoidal current is sourced through the outer 
two electrodes at a frequency of ω. This sinusoidal current heats the sample according 
to 
 𝑄 = 𝐼2𝑅 (7.1) 
where 𝐼 is the time dependent current and 𝑅 is the resistance of the portion of the 
sample between the inner electrodes. Thus, the sample is heated at a frequency of 2ω. 
This periodic heating induces a periodic temperature change at a frequency of 2ω. As a 
result of the general tendency of materials to have a temperature dependent electrical 
resistance, the sample experiences a sinusoidal variation in resistance at a frequency of 
2ω. The voltage measured across the two inner electrodes therefore has two 
components, a large 1ω component associated with the average sample resistance and 
a small 3ω component associated with the change in resistance due to periodic heating. 
When the sample resistance and temperature coefficient of resistance are known, the 
3ω voltage serves as a measure of the rate at which heat is conducted away from 
sample to the electrodes. With all other factors the same, low thermal conductivity 







the wire is not rapidly conducted to the electrodes, so the temperature rise and 
resistance change are high.  
 













where 𝜔 is the frequency of the sinusoidal source current, 𝑉3𝜔,𝑅𝑀𝑆 is the root mean 
squared (RMS) voltage across the inner electrodes with a frequency of 3ω, 𝐼𝑅𝑀𝑆 is the 
RMS current sourced with a frequency of ω, 𝑅′ is the derivative of resistance with 
respect to temperature, 𝜅 is thermal conductivity as defined previously, 𝐴⫠ is the cross 
section area of the sample, 𝐿𝑤 is the length of the portion of the wire-like sample 
between the inner electrodes, and 𝛼 is the thermal diffusivity of the sample as defined 








Thus, when the sample dimensions, resistance, and derivative of resistance with respect 
to temperature are known, low frequency 3ω measurements can be used to directly 
determine a material’s thermal conductivity. 
 
The 3ω method has experienced particularly widespread use on samples with high 
thermal conductivity, such as carbon nanotube bundles,328 carbon fibers335,336 and 







method has not yet been applied to low thermal conductivity wire-like materials such as 
PbTe-coated glass fibers. Furthermore, while the 3ω method employing a line heater on 
a substrate has been extended to layered composite planar samples,309,340,341 the self-
heated wire 3ω technique has not yet been employed to determine the thermal 
properties of composite fibers. This work discusses the first 3ω experiments on 
composite fibers as well as important radiation effects that future work should consider 
when measuring the thermal properties of low thermal conductivity high aspect ratio 
fiber composites such as layered polymer fibers342,343 and layered oxide fibers.344–346 
 
In addition to exploring several important considerations regarding the use of the 3ω 
method to measure low thermal conductivity composite fibers, this project also involves 
an initial evaluation of the measurement error and the effect of nanocrystal coating 
volume fraction on the thermal conductivity of the composite. Such insight is obtained 
by testing three essentially identical fibers without any nanocrystal coating and three 
fibers with different nanocrystal coating thicknesses. Table 7-1 summarizes the samples 
tested in this research project. 
 
Table 7-1 Samples used for 3ω measurements. 
Name Number of coating cycles Volume % PbTe 
Sample 1 0 0 
Sample 2 0 0 
Sample 3 0 0 
Sample 4 4 2.9 ± 1.4 
Sample 5 8 5.8 ± 1.6 







7.2 Experimental Methods 
7.2.1 PbTe Nanocrystal Synthesis 
PbTe nanocrystals are synthesized by the hot injection of trioctylphosphine-Te (TOP-Te) 
into a Pb-oleate solution similar to other methods.116,327,347–349 The chemicals including 
1-octadecene (ODE, 90%), oleic acid (OA, 90%), lead(II) oxide (PbO, 99.9+%), Te powder 
(99.8%), hexane (98.5%), and acetone (99.5%) are purchased from Sigma-Aldrich. TOP 
(97%) is purchased from Strem. 
 
A 0.37 M TOP-Te solution is prepared in a nitrogen glove box by dissolving 0.191 g Te 
powder in 2 ml TOP by heating at 57 °C and then diluting with 2 ml of ODE, which had 
been degased by heating at 103 °C under vacuum for 3 hours. The Pb-oleate solution is 
prepared by dissolving 0.223 g PbO powder in 0.75 ml OA and 12.7 ml ODE in a 50 ml 
round bottom flask and degassing under vacuum at 103 °C for 1.5 hours. Once degassed, 
the Pb-oleate solution is switched from vacuum to nitrogen gas positive pressure, the 
temperature is increased to 160 °C, and 4 ml of 0.37 M TOP-Te is rapidly injected. The 
TOP-Te injection causes an immediate temperature drop to 152 °C, yet the temperature 
returns to 160 ± 5 °C within about two minutes. Nine minutes after the TOP-Te injection, 
the reaction mixture is cooled rapidly to room temperature by immersing the flask in a 
water bath. The product is precipitated by adding acetone and centrifuging, after which 








7.2.2 Glass Fiber Coating and Preparation for 3ω Measurements 
PbTe nanocrystals are coated onto glass fibers using a three-step dip coating procedure, 
which is a modification of a method used by Luther and coworkers.350,351 The required 
materials including chloroform (99%), hydrazine hydrate solution (80%), and acetonitrile 
(99.8%) are purchased from Sigma Aldrich. Glass wool is purchased from VWR. Prior to 
coating, the glass fibers are cleaned using the following method. First, the fibers are 
treated by ultrasonic in a solution of acetone and isopropanol (50 % acetone by volume). 
Then, the liquid is discarded and the fibers are rinsed briefly with either acetone or 
isopropanol. The fibers are then dried in air at 80 °C. Finally, the fibers are treated in an 
oxygen plasma cleaner for ten minutes.  
 
The fibers are then dipped into a solution of two batches of PbTe nanocrystals dissolved 
in 10 ml chloroform. During the first coating cycle, the fibers remain immersed for five 
minutes; in subsequent cycles, the fibers remain immersed for two minutes. Next, the 
fibers are dried using gentle air flow. They are then exposed to a solution of 0.048 M 
hydrazine in water for one minute. Without drying, they are then immersed for a few 
seconds in acetonitrile. They are then dried fully using gentle air flow. This dip coating 
procedure is completed four to sixteen times depending on the desired nanocrystal 
coating thickness.  
 
The coated glass fibers are annealed in a tube furnace under vacuum at 300 °C for two 







from a coated and annealed bundle and carefully placed on four co-linear Ag epoxy 
electrodes on a sapphire substrate. The electrodes are then cured at 125 °C for 15 
minutes in a nitrogen filled glove box. 
 
Sample 6, which is obtained using 16 coating cycles is conductive enough for stable 3ω 
measurements. Samples 4 and 5 with thinner coatings are obtained using four and eight 
coating cycles; the electrical resistances of these samples tend to be larger than is 
acceptable for 3ω measurements. Therefore, for samples 4 and 5, a thin layer of 
platinum is applied by sputtering on one side with Pt for 60 seconds using a current of 
40 mA. An aluminum foil shadow mask is used to protect the sapphire substrate area 
between the two middle Ag epoxy electrodes from Pt deposition. Two point probe 
measurements on the masked portion of the sapphire substrate confirm that the 
sapphire substrate has negligible electrical conductivity after sputtering. For samples 1-3, 
which have no PbTe coating, a thin layer of gold is applied by thermal evaporation prior 
to placement on the Ag epoxy electrodes.  
 
7.2.3 3ω Measurements 
The measurements are performed on a variable temperature stage inside a microprobe 
station as shown schematically in Figure 7.1. At each temperature investigated, 
sinusoidal current is sourced through the outer electrodes and the RMS 1ω voltage 







Five different values of source current are applied in order to determine the electrical 






where 𝑉1𝜔,𝑅𝑀𝑆 is the first harmonic voltage, which is in phase with the sourced current. 
Small currents are chosen to ensure negligible Joule heating. Next, a larger sinusoidal 
current in the range of 0.01 – 400 Hz is sourced and the 3ω voltage is measured by the 
lock-in amplifier. Prior to all lock-in amplifier measurements, a minimum of 33 periods 
(inverse of source current frequency) elapse in order to reach time-invariant ac voltages 
across the inner electrodes. At each temperature and frequency, ten ac voltage 
measurements are taken and averaged to increase measurement accuracy.  
 
 









7.2.4 Emissivity Measurements 
As discussed later, sample emissivity is required to properly account for radiation effects 
in 3ω measurements. To estimate the emissivity of glass fibers with different 
thicknesses of PbTe, Pt, and Au, four representative samples are prepared on flat glass 
substrates with dimensions of 12.7 mm x 12.7 mm. For example, to mimic the glass fiber 
dip coated with four coating cycles of PbTe and sputtered with Pt (sample 4), a flat glass 
substrate is dip coated with four coating cycles using a nearly identical nanocrystal 
solution. The sample is annealed and sputtered with Pt for 60 seconds at a current of 40 
mA. The samples are then given to Thermophysical Properties Research Lab, Inc where 
the total radiation emitted from the coated glass samples is compared to that emitted 




7.3.1 Structural, Compositional, and Geometric Characterization 
As shown in Figure 7.2, the PbTe nanocrystals synthesized in this study are nearly cubic 










Figure 7.2 (a) Medium magnification TEM image of PbTe nanocrystals. (b) Edge length 
distribution of PbTe nanocrystals. 
 
 
HRTEM analysis of a typical PbTe nanocrystal (Figure 7.3) reveals lattice fringes with a 
spacing of 0.32 nm, which corresponds to the {200} planes of PbTe (JCPDS # 01-077-
0246). The HRTEM image also shows more clearly that the nanocrystals are not perfectly 
cubic, but have rounded corners.  
 
 








Figure 7.4 XRD pattern of as-synthesized PbTe nanocrystals (upper curve) and annealed 




While the individual nanocrystal in Figure 7.3 is clearly the PbTe phase, the XRD pattern 
of PbTe nanocrystals shown in Figure 7.4 provides evidence that a large representative 
ensemble of nanocrystals is PbTe. XRD peak intensities are rather weak for the sample 
of annealed PbTe nanocrystal coated glass. This is likely due to the difficulty in preparing 
dense thin samples of coated fibers for XRD experiments. Despite the low signal, the six 
major peaks associated with PbTe are still visible. The composition of the PbTe 
nanocrystals is further investigated using EDS. The composition of a drop cast film of 
PbTe nanocrystals is found to be 49.0 ± 0.5 atomic % Pb and 51.0 ± 0.5 atomic % Te. 
Thus, the nanocrystals are slightly rich in Te. This is generally associated with p-type 









Figure 7.5 (a,b) Medium magnification SEM images of PbTe nanocrystal coated glass 
fiber. (c,d) High magnification SEM images of PbTe nanocrystal coated glass fiber. (a,c) 
Before annealing. (b,d) After annealing. 
 
 
High magnification SEM studies of the coated fiber surface elucidate the effect of 
annealing the PbTe nanocrystal coated glass fibers. Figure 7.5a,c shows that the as-
made nanocrystal coating is smooth with 1-2 nm gaps in between adjacent nanocrystals 
before annealing. Figure 7.5b,d shows that after annealing, the coating is rough with 
groups of agglomerated nanocrystals, creating a more effective network for charge 







Low magnification SEM images of glass fibers coated with 16 coating cycles are shown in 
Figure 7.6. The images highlight the effect annealing has on the microstructure of such 
thick films. Both before and after annealing, the films are rough and even contain 
protrusions. However, cracks are observed only in annealed fibers. 
 
 
Figure 7.6 Low magnification SEM images of PbTe nanocrystal coated glass fiber. (a) 
Before annealing. (b) After annealing. 
 
 
Cracks in thick film coatings have also been observed in Ag coated nylon mesh.352 One 
plausible explanation for these cracks is that they are associated with the structural 
changes observed in Figure 7.5. In principal, the coalescence of nanocrystals that is 
observed on the nano scale happens on a micro scale in cases when the nanocrystal 
coating is thick enough. This could be due to the general tendency of nanocrystals to 
aggregate during the annealing step. The relative importance of the nanocrystal-glass 







micro scale aggregation, thus preventing micro scale crack formation as shown in Figure 
7.7.  
 
It is also possible that the cracks form as a result of the thermal expansion coefficient 
mismatch, which is relevant during the annealing step of the composite preparation. 
Specifically, the thermal expansion coefficients of bulk PbTe and Pyrex glass at around 
room temperature are 19.8-20.4 x 10-6 /°C and 32.5-35 x 10-6 /°C, respectively.353–355 Of 
course, the thermal expansion coefficient of a PbTe nanocrystal film is likely to be quite 
different and dependent on its thermal history. Nevertheless, the difference in thermal 
expansion coefficient could certainly cause cracking to occur, particularly as the 
composite is reduced in temperature from 300 °C to room temperature at the end of 
the annealing process. In principle, the aggregated film attempts to reduce in length 
more than the glass. If there is a strong bond between the nanocrystal coating and the 
glass, the nanocrystal film cracks apart in order to match the thermal contraction 
occurring in the glass core.  
 
The microstructural dependence on the number of coating cycles is shown in the low 
magnification SEM imaging of the fiber sides in Figure 7.7. Sample 1 has minimal overall 
surface roughness. Due to the nanocrystal coatings, samples 4 and 5 have rough 
surfaces by comparison. The features which resemble craters could perhaps be 
associated with the first drying step of the dip coating process in which the chloroform 







different. In addition to greater qualitative surface roughness than any other sample, 
cracks with widths of several hundred nanometers exist throughout the film, as 
discussed above with regard to Figure 7.6. 
 
 




In addition to the observation of interesting structural features in Figure 7.7, such 
images are also useful for measuring the average fiber diameter. Similar images were 
taken along the entire length of the relevant portion of the fibers in order to take many 








Figure 7.8 SEM images of fiber cross sections. (a) Sample 1. (b) Sample 4. (c) Sample 5. 
(d) Sample 6. 
 
 
In order to find the volume fraction of the PbTe coating, cross section SEM images of the 
fibers are obtained. The atomic mass difference between glass and PbTe as well as some 
topological aspects result in distinguishable PbTe and glass regions. The images shown 
in Figure 7.8 provide a broad view of the fiber cross sections. Figure 7.9 then provides 
close-up views of the edge of the coated fibers. Several measurements of the coating 
thickness are performed on these images. Of course, sample 1 has no discernable 
nanocrystal coating thickness. Samples 4, 5, and 6 have nanocrystal coating thickness of 







coating thickness increases monotonically with increasing number of dip coating cycles, 
as expected. The volume fraction of PbTe calculated using the diameter and coating 
thickness measurements are shown in Table 7-1.  
 
 
Figure 7.9 SEM images of fiber cross sections, used to measure coating thicknesses. (a) 









7.3.2 3ω Measurement Results 
Accurate measurement of sample resistance at each temperature investigated is vital in 
the 3ω method. Figure 7.10 shows typical 1ω voltage vs. current curves for each of the 
six samples in this study, which are used to determine resistance. A linear relationship is 









Figure 7.10 Typical voltage vs. current results for coated fibers. (a) Sample 1. (b) Sample 










Figure 7.11 Resistance vs. temperature for coated fibers. (a) Sample 1. (b) Sample 2. (c) 









The resistance versus temperature curves for the six samples are given in Figure 7.11. It 
is immediately apparent that the resistance increases with temperature in samples 1-5. 
Thus, these sample display metallic behavior due to the thin coating of gold or platinum. 
Conversely, the resistance decreases with temperature in sample 6, which is similar to 
previous results for PbTe nanocrystal films.327  
 
For the purposes of the 3ω method, both the resistance and the slope of resistance with 
respect to temperature are needed at each temperature of interest. The resistance 
versus temperature curves for samples 1-5 are all nearly linear, albeit with significant 
variation in sample 3. Additionally, nearly linear resistance versus temperature curves 
are expected for metals. Therefore, the slope of resistance with respect to temperature 
is determined using a linear fit for samples 1-5. For sample 6, a linear curve fitting is a 
poor approximation to the true trend, so a quadratic fit is used instead and the 
derivative of the quadratic fit is used to obtain the slope of resistance versus 
temperature at each temperature of interest.  
 
The results for the third harmonic voltage as a function of frequency are given in Figure 
7.12. According to the analytical expression given by Lu, Yi, and Zhang,328 as frequency 
decreases, the RMS 3ω voltage should gradually increase and then asymptotically 
approach a frequency independent value. This is indeed observed for all samples at all 







for 𝑉3𝜔,𝑅𝑀𝑆 that is used to find the thermal conductivity is an average of the values 
measured at the two or three lowest frequencies. This is particularly appropriate for 
sample 2, for which the value of 𝑉3𝜔,𝑅𝑀𝑆 at the lowest frequency is actually slightly 
lower than those at higher frequencies. As this trend does not align with the theoretical 
prediction, it could possibly be an artifact associated with the difficulty in performing 









Figure 7.12 Third harmonic voltage vs. frequency at fixed current for coated fibers. (a) 










Figure 7.13 Third harmonic voltage versus current at fixed frequency. Points are 
experimental observations. Curves are best fit cubic relationships with non-zero offsets. 









The general agreement between experiments and theory is further verified by observing 
the relationship between 𝑉3𝜔,𝑅𝑀𝑆 and 𝐼𝑅𝑀𝑆 at fixed frequency. According to equation 
7.2, 𝑉3𝜔,𝑅𝑀𝑆 should be proportional to 𝐼𝑅𝑀𝑆
3. The experimental results of this trend for 
three samples are shown in Figure 7.13. The curves in the figure are in the form 
 𝑉3𝜔,𝑅𝑀𝑆 = 𝐴 + 𝐵 ∙ 𝐼𝑅𝑀𝑆
3 (7.5) 
in which 𝐴 and 𝐵 represent fitting parameters. The non-zero values for 𝐴 are likely 
associated with a background noise in the measurements. As shown in Figure 7.12, 
𝑉3𝜔,𝑅𝑀𝑆 possesses non-zero values at high frequency, which is not explained by the 
theory and could certainly be associated with background noise in the measurements. 
Consistent observation of such background noise in 3ω measurements at the Air Force 
Research Laboratory has led to the general practice of subtracting the background noise 
level from all values of 𝑉3𝜔,𝑅𝑀𝑆 in order to determine the true thermal conductivity. In 
this research project, this practice is followed for samples 1-5. For sample 6, the 
background subtraction is not completed because the 3ω voltage did not asymptotically 
approach a constant value at high frequency, but rather began to increase. This is 
particularly easy to observe at 250 K and is not well understood at this point. 
 
7.3.3 Impact of Radiation 
In the simplest case, the thermal conductivity can be determined from the 3ω results by 













This equation assumes that thermal conduction is the only mechanism by which heat is 
transported out of the fiber. Operating in vacuum eliminates convection, but it does not 
eliminate radiation. If the fiber is fully surrounded by an environment at the same 
temperature as the electrodes and underlying substrate, then the amount of heat 
radiated from the sample to its surroundings is small. Furthermore, to a first order 
approximation, this radiation is proportional to the temperature difference between the 
sample and the surroundings, which varies at a frequency of 2ω. Therefore, the 
radiation in this case is time varying radiation. As derived by Lu, Yi, and Zhang, this can 
be considered analytically. The thermal conductivity corrected for the effect of time 












where 𝜖  is the sample emissivity, 𝜎𝑆𝐵  is the Stephan-Boltzmann constant, 𝑇0  is the 
electrode temperature, and 𝐷 is the sample diameter.  
 
In the current study, the temperature controlled stage-sapphire-epoxy system is varied 
from as low as 250 K to as high as 310 K while the probe station chamber environment 
remains at 297 K. As approximately half of the fiber surface is exposed to radiation from 
a room temperature environment, radiation heats/cools the fiber resulting in a time 







297 K. Figure 7.14 schematically shows a fiber below room temperature being heated by 
radiation such that the average temperature is slightly higher than that of the 
electrodes and sapphire stage. The inset graph shows how the net radiation into the 
sample includes a time varying part as well as a time invariant offset that is not 
considered in equation 7.7. The energy balance for this complicated heat transfer 
problem includes a 𝑇4 term due to the time invariant radiation effect. Therefore an 
analytical derivation is not pursued. Instead, a numerical simulation is performed like 
that described by Feng, Li, and Zhang.338 
 
 
Figure 7.14 Schematic of the heat transfer occurring during the 3ω measurement on the 
coated fiber. The graph shows how the time invariant radiation level is non-zero due to 
the temperature difference between the chamber walls and the fiber. 
 
 
7.3.4 Emissivity Results 
The results obtained by Thermophysical Properties Research Laboratory, Inc. for the 







the fiber samples are shown in Table 7-2. The measured emissivities of all samples, 
especially those with thin coatings of PbTe, are quite similar to that of glass as given in 
literature.356 For subsequent modeling and thermal conductivity calculations, the 
measured emissivity values are used. 
 
Table 7-2 Emissivity of coated glass and bare glass samples. 
Sample description Normal emissivity at 
room temperature 
Glass substrate, 15 nm Ag deposited by thermal evaporation 
(mimic samples 1-3) 
0.850 
Glass substrate, 4 coating cycles of PbTe nanocrystals, 
annealed, Pt deposited by sputtering 60 seconds (mimic 
sample 4) 
0.890 
Glass substrate, 8 coating cycles of PbTe nanocrystals, 
annealed, Pt deposited by sputter 60 seconds (mimic sample 5) 
0.786 
Glass substrate, 16 coating cycles of PbTe nanocrystals, 
annealed (mimic sample 6) 
0.736 
Glass (polished)356 0.87-0.91 
Glass (Pyrex)356 0.8 
Glass (smooth)356 0.91 
 
 
7.3.5 Thermal Conductivity Results 
In order to extract the accurate thermal conductivity while considering the radiation 
heating/cooling, the time dependent temperature profile of the fiber during the 3ω 
experiment is simulated by collaborators in the Purdue School of Mechanical 
Engineering. The simulations take into account the periodic Joule heating, the heat 
conducted to the electrodes, and all radiation into or out of the fiber. The simulation 








Figure 7.15 Simulated voltage during a typical 3ω measurement in the frequency 
domain. Inset shows the same results in the time domain. 
 
 
In the simulation, the thermal and electrical conduction are described by Fourier’s law 
and Ohm’s law, respectively. The radiation is described by the Stephan-Boltzmann law. 
The transient voltage between the two inner electrodes recorded in the simulation is 
approximately a sine wave with frequency ω, as shown in the inset of Figure 7.15. A 
Fourier transform of this voltage signal can thus be used to extract the 3ω voltage. As 
shown in Figure 7.15, the 3ω signal can be identified clearly in the frequency domain. 
Operation of the simulation requires an accurate relation between the resistance and 
the temperature. Due to the existence of radiation, the experiment only yields 𝑅 as a 
function of the electrode temperature 𝑇0 rather than the wire temperature, 𝑇𝑤. To 
extract the 𝑅(𝑇𝑤) relation from the 𝑅(𝑇0) relation, requires the derivation of the 
average temperature of the fiber at each value of 𝑇0, which requires knowledge of the 
𝜅(𝑇𝑤) relation. Therefore, the problem needs to be solved in an iterative manner. The 








Figure 7.16 Temperature-dependent resistance of Sample 6 before (raw) and after 
(adjusted) the iteration process, and the quadratically fitted adjusted relation. 
 
 
The overall effect of the time invariant radiation is significant, particularly for Sample 6 
as shown in Figure 7.16. The derivative of resistance with respect to temperature is 
considerably larger in magnitude after the adjustment, which significantly affects the 










Figure 7.17 Comparison between the thermal conductivity of Sample 6 as a function of 
temperature calculated assuming no radiation effect (black squares), only the time 
varying radiation (red circles), and all radiation effects according to the simulation and 
iterative method (blue triangles). 
 
 
The importance of considering the time invariant radiation is further exemplified in 
Figure 7.17, which shows the thermal conductivity of Sample 6 found using the two 
analytical expressions and using the iterative simulation approach. One important 
aspect of the results is that the actual temperatures to which the data pertains are quite 
different from the measured electrode temperatures due to significant amounts of 
radiation entering the fiber from the room temperature surroundings. Also, the thermal 
conductivity determined using the simulation is higher than that determined using the 
analytical expression that considers time varying radiation due mostly to the adjustment 
in the value of 𝑅′.  
 
While the gold and platinum coatings on samples 1-5 are quite thin, they do contribute 







determining thermal conductivity is to subtract the contribution of the gold or platinum. 












where 𝑅𝑡ℎ,𝑡𝑜𝑡𝑎𝑙 , 𝑅𝑡ℎ,𝑚𝑒𝑡𝑎𝑙 , and 𝑅𝑡ℎ,𝑐𝑜𝑟𝑒  are the thermal resistances of the total 
composite, metal coating, and core composite, respectively. In terms of resistances, the 






where 𝐿 is the Lorenz number as defined previously. This equation assumes a negligible 
contribution of the PbTe coating to the overall electrical conductance in samples 4 and 5. 
This assumption is valid as the resistances of samples 4 and 5 are reduced by a factor of 
more than 100 by coating with platinum. By next incorporating the dimensions of the 












where 𝜅𝑡𝑜𝑡𝑎𝑙  is the total composite thermal conductivity and 𝜅𝑐𝑜𝑟𝑒  is the thermal 
conductivity of the core composite, excluding the metal. With all relevant dimensions as 
well as Lorenz numbers for metallic thin films given in literature,358,359 the thermal 
conductivity of the core composite can be found. 
 
In Figure 7.18, the temperature dependent thermal conductivities of all six samples are 







temperatures studied here, but it differs considerably between different samples, due 
to the difference in PbTe volume fraction as well as inherent measurement uncertainty. 
The thermal conductivity of bare glass fiber is found to be 0.70 ± 0.10 W/mK, which is 
lower than results for bulk Pyrex glass in literature.360–362 With the addition of a thin 
layer of PbTe nanocrystals, the near room temperature fiber thermal conductivity 
initially increases to 0.93 ± 0.13 W/mK for the composite with 5.8 % PbTe, but then 
decreases to 0.55 ± 0.08 W/mK for the composite with 35.8% PbTe. This non-monotonic 
trend could be explained by the onset of cracking in samples with thick nanocrystal 
coatings shown in Figure 7.7.  
 
 
Figure 7.18 Temperature dependent thermal conductivity of all samples. 
 
 
The range of near room temperature thermal conductivities shown in Figure 7.18 is 
around a factor of three larger than the value given in the previous publication on PbTe 







the samples used for the different thermal conductivity measurements. For the previous 
publication, several grams of PbTe nanocrystal coated glass fibers were compressed at 
high temperature (>400 °C) by SPS to form a thin disc. The thermal diffusivity and 
specific heat of the disc were measured using the laser flash method and differential 
scanning calorimetry. The density was also measured and the thermal conductivity was 
calculated using equation (4.1. The composite nature of the disc helps to explain why 
the thermal conductivities in the previous publication are significantly below those of 
the present study.  
 
In the previous study, the Seebeck coefficient of a small fiber bundle was measured in 
the axial direction using an MMR Seebeck measurement system. The electrical 
conductivity was measured in the axial direction using a four probe technique. In the 
present study, the thermal conductivity of PbTe nanocrystal coated fibers is measured in 
the axial direction. While the same exact sample was not used for each of the three 
measurements, they process by which the samples were made was intended to be 
identical and much of the structural characterization suggests that they are quite similar. 
Therefore, it is possible to at least estimate the 𝑍𝑇 of PbTe nanocrystal coated glass 
fibers in the axial direction at around 300 K as approximately 0.06, which is less than the 
value of 0.2 reported previously.327 The recently observed overestimation of the 
Seebeck coefficient by the MMR system suggests that the true 𝑍𝑇 value of the coated 







and the need for similarity of samples used for the three transport measurements are 
obviously critical and should be given more attention in future work. 
 
7.4 Conclusions 
In summary, the thermal conductivities of PbTe nanocrystal coated glass fibers in the 
axial direction are investigated using the self-heated 3ω technique. The low thermal 
conductivities of the samples combined with the time invariant radiation from the room 
temperature microprobe station walls violate assumptions inherent in the analytical 
expressions derived by Lu, Yi, and Zhang. Therefore, a finite difference method is used 
to accurately simulate the 3ω measurements with the radiation effect. By iterating 
thermal conductivity values in the simulations to obtain agreement with experimental 
3ω voltages, the thermal conductivities are found to be 0.50-0.93 W/mK in the 
temperature range 260-310K. The process of including both an experimental approach 
and numerical modeling could be useful to study the thermal conductivity of other wire-
like samples with low thermal conductivities and high aspect ratios. Thus, this study 








CHAPTER 8. PROTOTYPE FLEXIBLE THERMOELECTRIC DEVICES COMPRISED OF SILVER 
TELLURIDE NANOCRYSTAL COATED NYLON 
8.1 Introduction 
The PbTe nanocrystal coated glass fibers described in the previous chapter serve as a 
proof of concept of flexible nanocrystal coated fiber thermoelectric materials. Another 
research project in Yue Wu’s group established the synthesis of n-type colloidal PbTe 
nanocrystals.209 These and traditional p-type PbTe nanocrystals were coated onto glass 
fibers to make a prototype thermoelectric device.363 However, the device based on PbTe 
nanocrystal coated glass fibers has two issues. First, the resistance is quite high at 33 
MΩ for a device made using one p-type and one n-type leg. Despite the 1 mV/K Seebeck 
coefficient of the p-n pair, the high device resistance leads to a power output of only 5.3 
pW when a 20 K temperature difference is applied. The second issue is that the PbTe 
nanocrystal coated glass fibers require an annealing temperature of at least 300 °C in 
order to have measurable electrical conductances. 
 
Ag2Te is a good candidate to replace PbTe for several reasons. Bulk Ag2Te is well 
established as a good thermoelectric material, with 𝑍𝑇 values of around 0.33-0.45 at 
room temperature.364,365 The solution synthesis of colloidal Ag2Te nanocrystals has been 







has shown that Ag2Te nanocrystals can be dip coated onto glass and that the resulting 
films are electrically conductive even prior to high temperature treatment. Therefore, 
Ag2Te satisfies the essential criteria for coating onto flexible substrates, even ones that 
are not stable above 200 °C such as nylon.369  
 
This chapter describes the synthesis and characterization of Ag2Te nanocrystal coated 
nylon mesh formed using a three-step dip coating procedure. Studies are performed to 
better understand the effect of the second and third dip coating steps. The Ag2Te 
nanocrystal films are found to be conductive immediately after coating. Yet, the general 
conclusions from chapter 2 motivate an investigation on the effect of annealing.399 
Additionally, the effect of oxygen plasma treatment is explored as motivated by 
significant impact such treatment is known to have on the electrical properties of a 
variety of thin film materials.370–373 Finally, prototype flexible thermoelectric devices 
comprised of Ag2Te nanocrystal coated nylon mesh and PEDOT:PSS coated nylon mesh 
are made and their power output is measured in response to a temperature gradient. 
 
8.2 Experimental Methods 
For this project, Ag2Te nanocrystals are synthesized in solution using a modified 
procedure from the literature. The nanocrystals are dispersed in chloroform and dip 
coated onto nylon mesh. The coated nylon mesh is then treated in order to improve its 
thermoelectric properties. Various methods are used to characterize the coated nylon 







nylon is used to make prototype thermoelectric devices whose power outputs and 
Seebeck coefficients are measured using applied temperature gradients. 
 
8.2.1 Ag2Te Nanocrystal Synthesis 
The Ag2Te nanocrystals are synthesized using a modified version of the procedure 
described by Liu et. al.366 The required materials including 4-tert-butyltoluene (95 %), 1-
dodecanethiol (98 %), and Te powder (99.8 %) are purchased from Sigma Aldrich. AgNO3 
(99.9 %) is purchased from Alfa Aesar and TOP (97 %) is purchased from Strem.  
 
First, solution A is made by mixing 80 ml 4-tert-butyltoluene with 1.28 ml 1-
dodecanethiol in a glass beaker. Solution B is made by mixing 0.364 g (2.1 mmol) with 80 
ml DI water and treating with ultrasonic for one to two minutes until the AgNO3 is fully 
dissolved. Then solution B is added to solution A, which is then stirred for two to three 
hours to transfer the Ag into the organic phase. Solution C is made in a nitrogen filled 
glove box by mixing 0.287 g Te powder (2.2 mmol) in 3 ml TOP. The Te is dissolved by 
stirring and heating to 60 °C for at least 30 minutes.  
 
Solution A is then transferred to a separatory funnel so that the water phase can be 
removed and the pure organic phase can be added to a glass three-neck flask. Nitrogen 
gas positive pressure is applied to the flask via a Schlenk line and the Ag precursor 
mixture is heated to 97 °C. Solution C is rapidly injected into the flask, causing an 







24 hours. It is then quenched to room temperature by immersing the flask in a water 
bath. 
 
Due to the tendency of the synthesis to form nanocrystals and nanocrystal aggregates 
with a broad range of sizes, a series of centrifugation steps are used to remove 
particularly small nanocrystals and large aggregates. First, 8 ml hexane is added to the 
reaction product solution, which is then centrifuged at 4300 rpm for five minutes. The 
precipitate from this step is discarded (waste sample #1). The dark supernatant is added 
to an equal volume of ethanol and centrifuged at 6000 rpm from five minutes. The 
supernatant is then discarded. The precipitate is combined with 10-20 ml hexane and 
centrifuged at 4000 rpm for five minutes. The precipitate is discarded (waste sample #2) 
and the supernatant is saved for dip coating. In order to transfer the nanocrystals to 
chloroform, the hexane solution is combined with an equal volume of ethanol and 
centrifuged at 8400 rpm for one minute. The clear supernatant is discarded and the 
nanocrystals can be either combined with chloroform immediately or stored in a 
nitrogen filled glove box for later use.  
 
8.2.2 Dip Coating of Ag2Te Nanocrystals onto Nylon Mesh 
Nylon 6/6 mesh is purchased as a Sefar America, Inc. Lab Pak (Mesh opening 35 micron, 
12” x 12”, 6 pieces). Nanocrystals are coated onto this flexible substrate using a 
procedure similar to that described in chapter 7 for obtaining PbTe nanocrystal coated 







First, it is placed in a glass beaker and submersed in an approximately 50/50 (v/v) 
mixture of isopropanol and acetone and treated with ultrasonic for ten minutes. The 
liquid is then removed and the nylon is rinsed with isopropanol or acetone. The nylon is 
dried in an oven at less than 100 °C and treated in an oxygen plasma cleaner for 30 
minutes. The oxygen plasma cleaner is used to remove any remaining contaminants 
from the nylon surface as well as to improve the adhesion of material to the surface.374 
 
The nylon is then dipped into a solution of one batch of Ag2Te nanocrystals dissolved in 
10 ml chloroform. During the first coating cycle, the fibers remain immersed for five 
minutes; in subsequent cycles, the fibers remain immersed for two minutes. Next, the 
fibers are dried using gentle air flow. They are then exposed to a solution of 0.048 M 
hydrazine in ethanol for one minute. Without drying, they are immersed for a few 
seconds in ethanol. They are then dried fully using gentle air flow. This dip coating 
procedure is completed 30 to 50 times. 
 
The above procedure is used in general. However, in one experiment, the second dip 
coating step (hydrazine/ethanol) is eliminated. Such an experiment is useful for 
determining the effect of the hydrazine/ethanol soak step. In another experiment, both 
the second and third steps of the dip coating procedure are eliminated such that the 
nylon is simply dipped into the Ag2Te nanocrystal solution, dried, and then this first and 








8.2.3 Coated Nylon Treatment Methods 
The nylon coated with Ag2Te nanocrystals is electrically conductive immediately after 
coating. However, treatment methods are found to improve its properties. For the first 
treatment method, Ag2Te nanocrystal coated nylon mesh is placed in a horizontal tube 
furnace. The tube is brought to a pressure of approximately one torr and heated to 
127 °C in 30 minutes. The temperature is held at 127 °C for 30 minutes and then cooled 
down to near room temperature over a period of approximately one hour. For the 
second treatment method, Ag2Te nanocrystal coated nylon is treated in an oxygen 
plasma cleaner for ten minutes. 
 
8.2.4 Preparation of PEDOT:PSS Coated Nylon Mesh 
A commercial formulation of PEDOT:PSS in water, Clevios PH 1000, is purchased from 
Heraeus. It is sold as a 1.0-1.3 % solids dispersion in water with a PEDOT:PSS ratio of 
1:2.5 by weight.375 Two high boiling solvents, dimethylsulfoxide (DMSO, ≥99.9 %) and 
ethylene glycol (≥99 %), are purchased from VWR. PEDOT:PSS is coated onto nylon mesh 
using a technique similar to that described previously.376,377 Solutions of Clevios PH 1000 
and 5 % (v/v) of an additive of either DMSO or ethylene glycol are made by mixing the 
liquids in glass vials. Pieces of nylon mesh with dimensions of approximately 2 mm x 20 
mm are cleaned using the same procedure as that used to prepare nylon for coating 
with Ag2Te nanocrystals. They are placed on a glass petri dish and approximately 100 µl 
of the Clevios PH 1000 solution with an additive are drop cast onto the nylon mesh. The 







plate is then turned off so that the PEDOT:PSS/nylon composite can slowly cool to room 
temperature. After drying, the nylon pieces are peeled off of the glass petri dish.  
 
8.2.5 Sheet Resistance Measurements 
For nanocrystal or PEDOT:PSS coated nylon samples, the sheet resistance is measured 
by first using scissors or a razor blade to cut off a piece of sample with dimensions of 
approximately 2-3 mm x 5-8 mm. The sample ends are glued to a glass slide using fast 
drying Ag suspension (Ag paint) sold by Ted Pella. It is important to use highly viscous Ag 
paint to prevent the paint from leaking towards the center of the sample. The resistance 
of the sample is measured in a two-probe configuration. The sheet resistance is then 
calculated using the measured resistance and sample dimensions. 
 
8.2.6 Prototype Thermoelectric Device Assembly 
The coated nylon is assembled into prototype thermoelectric devices according to the 
diagram shown in Figure 8.1. The copper plates and glass pieces are attached using 
double coated carbon tape sold by Ted Pella. The p-type and n-type flexible coated 
nylon is attached to the glass using Ag paint. With the intention of applying a 
temperature gradient in the vertical direction, the design follows the typical 
thermoelectric device architecture in which the thermoelectric materials are electrically 









Figure 8.1 Schematic of prototype flexible thermoelectric device. 
 
 
8.2.7 Prototype Thermoelectric Device Characterization 
The thermoelectric performance of prototype devices is evaluated on a home-built 
setup in a nitrogen filled glove box. The top copper plate is placed on a hot plate while 
the bottom copper place is placed on a plastic stand. Microprobes are connected to the 
bottom left Ag electrode and the bottom right Ag electrode so that the device can be 
connected to various circuits, for which the current and voltages can be measured using 
an Agilent 4156C semiconductor parameter analyzer. The temperatures of the hot and 







82345). The thermocouples are embedded in Dow Corning 340 heat sink compound on 
the glass pieces to help ensure accurate temperature measurements.  
 
 
Figure 8.2 Digital photograph of the measurement of a prototype thermoelectric device, 




Generally, three types of measurements are completed on the devices: Seebeck voltage, 
power output, and bending tests. The Seebeck voltage is measured by first measuring 
the open circuit voltage of the device with the hot plate off. Then the hot plate is set to 
a few °C above room temperature, at least 15 minutes elapse in order to reach steady 
state, and the open circuit voltage is measured. The hot plate is set two to three °C 
higher and the process is repeated until the temperature difference measured is 20 °C. 







resistors. A load resistor is placed in series with the thermoelectric device and the 
current through the resistor and voltage across the resistor are measured sequentially. 
The experiment is repeated with different load resistances. Finally, the effect of bending 
is observed by measuring the device resistance and then bending the device slightly. The 
device resistance is measured again and the device is straightened. This process is 
completed a total of ten times.  
 
 




8.3.1 Ag2Te Nanocrystals 
The materials obtained from the solution synthesis method are characterized using TEM 







large aggregates of nanocrystals. Second, significant batch to batch variation is observed 
by comparing several batches. TEM images of nanocrystals obtained after the complete 
size selection procedure are shown in Figure 8.4. 
 
 
Figure 8.4 TEM images of nanocrystals obtained after the size selection procedure. (a) 
Low magnification. (b) Medium magnification. 
 
 
There is essentially a bi-modal distribution of nanocrystals: small nanocrystals with sizes 
of approximately 1-3 nm and larger nanocrystals with sizes of approximately 9.3 ± 2.1 
nm. There are approximately 1-2 nm gaps between adjacent nanocrystals. 
 
Based on the washing procedure, waste sample #1 is comprised of material which 
precipitates relatively easily from the reaction solution even without the addition of an 
anti-solvent. Figure 8.5 shows that the material from waste sample #1 is comprised of 







15.6 ± 5.2 nm and no small nanocrystals (1-3 nm) are observed. Adjacent nanocrystals 
are separated by approximately 1-2 nm, which is surprising since they are clearly 
aggregated and are not readily re-dispersed in hexane.  
 
 




Waste sample #2 is also comprised of material that precipitates relatively easily even in 
the absence of an anti-solvent. The TEM images in Figure 8.6 show that the material is 
similar to that in waste sample #1. There are no micron size particles, but rather micron 
size aggregates of nanocrystals with sizes of approximately 13.6 ± 7.2 nm and inter-













The batch to batch variation is shown in Figure 8.7. The TEM images reveal three 
general sizes of nanocrystals: small spheres (1-3 nm), medium rounded cubes and 
rectangular prisms (5-20 nm), and large oddly shaped particles (up to several hundred 
nanometers from end to end). Interestingly, these three types of nanocrystals are 
present in very different proportions in different batches. For example, batch 1 almost 
exclusively contains large nanocrystals, batch 2 has a mix of small, medium, and large 
nanocrystals, and batch 3 has only small and medium nanocrystals. The source of this 









Figure 8.7 TEM images of nanocrystals obtained after the size selection procedure. (a) 
Batch 1. (b) Batch 2. (c) Batch 3. (d) Batch 4. (e) Batch 5. (f) Batch 6. 
 
 
8.3.2 Structure and Composition of Coated Nylon 
Using SEM, the Sefar nylon mesh is found to be comprised of interwoven nylon fibers, 
with a clear anisotropy in the weave pattern as shown in Figure 8.8. In the vertical 
direction, there are pairs of fibers woven together. Therefore, electrical transport 
properties are specified as being either parallel with these pairs of fibers (2 par) or 













The cleaning procedure apparently has no effect on the overall structure of the mesh. 
However, higher magnification images of the fiber surface before and after cleaning in 
Figure 8.9 reveal the cleaning effect. Prior to cleaning, the fibers are quite smooth as 
suggested by the minimal contrast variation in the secondary electron image. After 
cleaning, the fibers are rough with omnipresent features with sizes below 100 nm. In 
previous literature, these features are shown to be the direct result of 30 minutes of 
oxygen plasma cleaning.378 This increased surface roughness combined with the removal 
of a weak cohesive layer and surface functionalization described in literature are 















Figure 8.10 FTIR spectra of nylon and coated nylon samples. 
 
 
Given the significant effect of cleaning on the nylon fiber surface, it is worthwhile to 
observe the fibers using attenuated total reflectance Fourier transform infrared 







nylon and the cleaned nylon are essentially the same; both share nearly all minima 
observed in previous studies on nylon 6/6.374,381 Interestingly, the C=O stretch observed 
at 1731 cm-1 is not observed in the present study. Furthermore, the effect of oxygen 
plasma treatment on the C-O stretch at 1234 cm-1 observed previously is also not 
observed here.374 This could be due to the loss of surface functionalization during the 
time between oxygen plasma treatment and FTIR analysis.379 
 
After completing 50 cycles of the dip coating procedure, the nylon mesh possesses a 
coating as shown by the lighter regions in Figure 8.11a. The coating does not fully cover 
the nylon and possesses many micro scale cracks. The treatment methods exacerbate 
these issues as shown in Figure 8.11b-c for the nylon mesh after annealing and oxygen 
plasma treatment, respectively.  
 
 
Figure 8.11 Medium magnification SEM images of Ag2Te nanocrystal coated nylon. (a) 









The same three coatings are shown in Figure 8.12 at higher magnification. The coating 
surface of the untreated sample possesses distinguishable particles that are smaller 
than 100 nm throughout the entire image. The coating surface of the annealed sample 
does not possess widespread sub-100 nm features, but has smooth regions with 
dimensions greater than 0.5 µm. The annealed sample surface also has numerous pores 
with sizes of approximately 100-400 nm. Thus, it appears that annealing causes the 
nanocrystals to sinter and form a more continuous solid phase with larger pores, which 
is a similar phenomenon to that observed in annealed PbTe nanocrystal coatings as 
described in chapter 7. The coating surface of the oxygen plasma treated sample is 




Figure 8.12 High magnification SEM images of Ag2Te nanocrystal coated nylon, showing 
the coating surfaces. (a) Untreated. (b) Annealed. (c) Oxygen plasma treated. 
 
 
Elemental mapping in Figure 8.13, Figure 8.14, and Figure 8.15 shows that for all three 







indeed correspond to regions in which Ag and Te are present in large concentrations. 
Meanwhile, the darker contrast regions in the secondary electron images correspond to 
regions in which Ag and Te are absent and carbon exists on the surface instead, which is 
indicative of nylon. The elemental maps in Figure 8.13 and Figure 8.14 also make it clear 
that the Ag2Te coating fills some of the inter-fiber pores in the nylon mesh. 
 
 




















According to quantitative elemental analysis of the coated nylon, the Ag:Te ratio is 2.11 
± 0.03, 2.08 ± 0.01, and 3.86 ± 0.29 for the untreated, annealed, and oxygen plasma 
treated samples. Thus, the untreated and annealed samples possess compositions very 







sample has a considerable amount of excess Ag. According to the Ag-Te phase diagram, 
there is no stable phase of Ag-Te with a Ag:Te ratio of greater than two.382 Therefore, 
while the off-stoichiometry observed for the untreated and annealed samples could 
perhaps be explained by the large surface to volume ratio of both the nanocrystals and 
the thin film coatings, the extent of off-stoichiometry for the oxygen plasma treated 
sample is likely associated with the presence of a pure Ag phase. 
 
XRD analysis provides additional evidence that the untreated and annealed samples are 
pure phase Ag2Te and the oxygen plasma treated sample is a combination of Ag2Te and 
Ag. While the signal to noise ratios for such thin film samples are low, several of the 
main diffraction peaks associated with monoclinic Ag2Te such as those associated with 
(211̅) , (012) , (312̅) , and many other planes are present in all three samples. 
Furthermore, the diffraction peaks associated with the (111) and (220) planes of Ag 









Figure 8.16 XRD patterns of coated nylon samples. Black standard lines are Ag2Te (JCPDS 
# 01-081-1820). Magenta standard lines are Ag (JCPDS # 01-089-3722). 
 
 
The formation of Ag metal during the oxygen plasma treatment is necessarily associated 
with the loss of Te from Ag2Te because no Ag source is present in the oxygen plasma 
chamber during operation. According to previous studies, oxygen plasma treatment is 
capable of inducing a reaction between oxygen and gaseous Te to form films of TeO2.
383–
385 Meanwhile, even high surface area Ag nanoparticles have been shown to be resistant 
to oxidation during oxygen plasma treatment.386,387 Furthermore, Te has a vapor 
pressure that is many orders of magnitude larger than that of Ag across a broad range of 
temperatures.265,388 Considering all of this, it is likely that the low pressure environment 
and high energy plasma cause Te to preferentially sublime and react with oxygen to 
form TeO2, which deposits away from the coated nylon and leaves the coating rich in Ag, 
which naturally leads to the phase segregation of Ag and Ag2Te. Thus, the oxygen 







As a final note about the effect of the treatment methods, the FTIR results in Figure 8.10 
show that the signatures associated with nylon are still present after the coating and 
treatment process. Thus, the coating and treatment processes do not appear to affect 
the underlying nylon chemical structure. 
 
SEM images of the PEDOT:PSS coated nylon mesh made from a solution containing 5 % 
ethylene glycol are shown in Figure 8.17. In the medium magnification image, the 
contour of the nylon fibers is faintly visible, yet the space in between the fibers is filled 
by the PEDOT:PSS. The high magnification image of the PEDOT:PSS film shows no 
perceptible surface roughness. 
 
 










8.3.3 Electrical Properties of Coated Nylon 
8.3.3.1 Effect of Nanocrystal Size and Number of Coating Cycles 
While it is generally desirable to know the electrical conductivity of thermoelectric 
materials in order to calculate 𝑍𝑇, the complex geometry and anisotropy of coated 
nylon mesh makes determination of electrical conductivity prohibitively difficult. Instead, 
the sheet resistance is used here to compare coated nylon mesh samples. The sheet 
resistance of untreated Ag2Te coated nylon is found to be strongly affected by two 
factors: nanocrystal size distribution and number of coating cycles.  
 
 
Figure 8.18 Sheet resistance of untreated Ag2Te nanocrystal coated nylon mesh 
measured in the 2 par orientation made using the three-step dip coating method. The 
batch numbers in the legend correspond with those in Figure 8.7. 
 
 
As shown in Figure 8.18 for samples measured in the 2 par orientation, the sheet 
resistance is considerably lower for material made using medium-sized nanocrystals or 







Figure 8.7, one plausible explanation for this trend is that the large nanocrystals are so 
irregularly shaped that it is not possible for them to pack efficiently enough to have a 
large amount of inter-nanocrystal contact and high electrical conductivity. It could be 
that the mixture of medium and large nanocrystals has a low sheet resistance because 
the medium-size nanocrystals fill the voids between the inefficiently packed large 
nanocrystals to create an effective network for charge transport.  
 
The results in Figure 8.18 also show that the sample sheet resistance generally 
degreases with increasing number of coating cycles. However, this is not a monotonic 
trend for all samples. The plot also shows that the variation in the measurement results 
is extremely large, especially for the sample made from large nanocrystals. From SEM 
imaging of large areas (not shown), it appears that the variation in sheet resistance 









Figure 8.19 Sheet resistance of untreated Ag2Te nanocrystal coated nylon mesh 
measured in the 2 perp orientation made using the three-step dip coating method. The 
batch numbers in the legend correspond with those in Figure 8.7. 
 
 
In Figure 8.19, sheet resistance results for the same nine coated nylon mesh samples are 
shown as measured in the 2 perp orientation. Similar trends are observed. Another 
important observation is that for both the 2 par and 2 perp orientations, the sample 
made using a mixture of medium and large nanocrystals dip coated 50 times has the 
lowest sheet resistance. Therefore, further dip coating and treatment studies employed 
mixtures of large and medium nanocrystals and generally focused on material dip 
coated 50 times.  
 
8.3.3.2 Effect of Second and Third Dip Coating Step 
In order to determine the effect of the second and third dip coating steps, the 
hydrazine/ethanol soak and the ethanol rinse, experiments are performed in which one 







nanocrystals result in coated nylon samples with low sheet resistance, only batches with 
nanocrystal size distributions similar to that of batch 2 are used. First, the results from 
Figure 8.18 and Figure 8.19 for the samples made from batch 2 using the three-step dip 
coating procedure are re-plotted in Figure 8.20. The estimated Seebeck coefficients of 
materials made using the three-step dip coating procedure are generally in the range of 
-70 to -90 µV/K prior to treatment, which is similar to hydrazine treated Ag2Te 
nanocrystal films reported in literature.367 
 
 
Figure 8.20 Sheet resistance of untreated Ag2Te nanocrystal coated nylon mesh made 
using the three-step dip coating method and batch 2. 
 
 
Next, the results for the samples made using a two-step dip coating procedure, with the 
hydrazine/ethanol soak eliminated, are presented in Figure 8.21. The lack of error bars 
indicates that only one sample is measured per plotted point. Interestingly, the sheet 
resistance generally increases with additional coating cycles, with the samples coated 50 







these materials are generally in the range of +71 to +78 µV/K. Thus, the 
hydrazine/ethanol dip coating step has a significant effect on the electrical properties of 
the coated nylon, resulting in n-type behavior. However, the hydrazine/ethanol step 
does not result in a significant reduction in sheet resistance, which is quite unlike the 
phenomenon observed for PbTe and PbSe nanocrystal films. 116,125  
 
 
Figure 8.21 Sheet resistance of untreated Ag2Te nanocrystal coated nylon mesh made 











Figure 8.22 Sheet resistance of untreated Ag2Te nanocrystal coated nylon mesh made 




Finally, the results for the samples made using a one-step dip coating procedure, with 
both the hydrazine/ethanol soak and the ethanol rinse eliminated, are presented in 
Figure 8.22. The sheet resistance monotonically decreases with increasing number of 
dip coating cycles for both the 2 par and 2 perp orientations. After only 30 cycles, the 
sheet resistance is around 3-10 times higher than samples made using the two and 
three-step procedures. However, after 50 cycles, the sheet resistances of the one-step 
dip coated samples are less than two times higher than samples made using the two and 
three-step procedures. The estimated Seebeck coefficients of these films are +286 to 
+290 µV/K, which represent the highest magnitudes observed of all materials in this 
study on coated nylon. This raises interesting questions regarding conduction 
mechanisms in these nanocrystals films. These results also suggest that the traditionally 







procedure, which could be automated fairly easily for higher throughput 
experimentation in future research.  
 
8.3.3.3 Effect of Annealing and Oxygen Plasma Treatment 
The electrical properties of untreated samples of Ag2Te nanocrystals coated onto nylon 
mesh are impressive in some respects. Compared to PbTe nanocrystal coated glass fiber 
composites which have undetectable electrical conductance prior to annealing, Ag2Te 
coated nylon samples are quite conductive prior to annealing or other treatment. Still, 
treatment methods offer an opportunity to enhance the properties of Ag2Te nanocrystal 
coated nylon further.  
 
As specified earlier, untreated Ag2Te coated nylon samples made using the three-step 
coating approach with a mixture of medium and large nanocrystals possessed sheet 
resistances of approximately 1.6 – 1.8 kΩ/square and estimated room temperature 








After annealing in vacuum at 127 °C for 30 minutes, the sheet resistance drops by a 
factor of approximately two and the Seebeck coefficient changes from negative to the 







with the more continuous film observed by SEM as shown in Figure 8.12. The 
transformation from n-type to p-type is difficult to explain and could be associated with 
the nanoparticle surfaces and inter-particle bonding. The modified version of the power 
factor has a value of 5.8 ± 0.9 µV2□/K2Ω for these samples. Therefore, annealing 
provides two benefits. First, flexible p-type materials are formed, which are necessary 
for the typical thermoelectric device architecture. Second, the modified power factor is 
increased. 
 
After treating in an oxygen plasma cleaner for ten minutes, the sheet resistance drops 
by a factor of approximately 200 and the Seebeck coefficient changes to the range of -
20 to -24 µV/K. These effects are likely associated with the presence of metallic Ag 
observed by XRD and suggested by EDS analysis. The room temperature Seebeck 
coefficient of pure Ag is in the range of +1.5 to +2.4 µV/K as compared with around -100 
µV/K for stoichiometric Ag2Te.
36,364,365 The electrical conductivity of pure Ag at room 
temperature is 6.25 x 105 S/cm as compared with the range of 0.3 to 2.5 x 103 S/cm for 
Ag2Te.
364,365,390 Therefore the presence of Ag is expected to decrease the absolute value 
of the Seebeck coefficient and increase the electrical conductivity as observed. The 
modified version of the power factor has a value of 57 ± 11 µV2□/K2Ω for these samples. 









8.3.3.4 PEDOT:PSS Coated Nylon 
As-made samples of PEDOT:PSS coated onto nylon mesh showed excellent performance. 
Samples made using dispersions with DMSO and ethylene glycol both showed sheet 
resistances of around 2 Ω/□. This value is so low that the two-probe resistance 
measurement method could potentially induce significant error. MMR Seebeck 
measurements indicated Seebeck coefficients of +15 and +12.5 µV/K for samples made 
using dispersions with DMSO and ethylene glycol, respectively. These values are in a 
similar range to those found in literature for PEDOT:PSS treated with ethylene glycol or 
DMSO.72,311,391,392 The material made using ethylene glycol as an additive is considered 
for further experimentation due to its higher Seebeck coefficient. The PEDOT:PSS coated 
nylon samples made using ethylene glycol as an additive have modified power factors of 
approximately 112 µV2□/K2Ω. Thus they represent an improvement over the annealed 
Ag2Te nanocrystal coated nylon. Therefore, the PEDOT:PSS coated nylon samples are 
ultimately used in the second prototype thermoelectric device. 
 
8.3.4 Prototype Thermoelectric Device Performance 
Device #1, the first of two prototype thermoelectric devices is based on the Ag2Te 
nanocrystal coated nylon samples with the highest values of the modified power factor. 
The p-type material is Ag2Te nanocrystal coated nylon made by dip coating a mixture of 
large and medium nanocrystals 50 times and then annealing. The n-type material is the 








The open circuit voltage generated by this four-leg device is shown in Figure 8.23 as a 
function of temperature difference. A linear relationship is observed, in accordance with 
the definition of the Seebeck coefficient and assuming it does not change significantly in 
the temperature range investigated. The slope of the best fit line is 356 µV/K. 
Theoretically, the slope should be equal to 2(𝑆𝑝 − 𝑆𝑛), which is 184 µV/K for device #1. 
The discrepancy is likely due to the inaccuracy of the MMR Seebeck measurement. 
 
 
Figure 8.23 Open circuit voltage of device #1. 
 
 
The voltage and power generated from a 20 °C temperature difference when device #1 
is electrically connected to various load resistors is shown in Figure 8.24. As expected, 
the maximum in power output occurs when the resistance of the load is approximately 
matched with the initial resistance of the device (shown in Figure 8.25). The maximum 








Figure 8.24 Voltage and power output of device #1 when connected to an external load. 
 
 
As shown in Figure 8.25, the device experiences an increase in resistance due to bending. 
Considering the straight position, the device resistance increases by a factor of 1.44 due 
to the bending tests. Such an increase in resistance is not surprising considering the 
microstructure of the coated nylon as revealed in SEM images in Figure 8.11. Even 
before bending, the coating is cracked and partially peeled off of the nylon. Bending 
likely induces additional cracking and peeling. Future research should aim to mitigate 









Figure 8.25 Effect of repeated bending on the resistance of device #1. 
 
 
Device #2 is made using PEDOT:PSS coated nylon as the p-type material. As with device 
#1, the n-type material is Ag2Te nanocrystal coated nylon made by dip coating a mixture 
of large and medium nanocrystals 50 times and then treating in an oxygen plasma 









Figure 8.26 Open circuit voltage of device #2. 
 
 
As illustrated by comparing the open circuit voltage results in Figure 8.23 and Figure 
8.26, device #2 has a lower Seebeck voltage than device #1. Specifically, the Seebeck 
coefficient if device #2 is approximately 187 µV/K. This is similar to the value predicted 
theoretically using the MMR Seebeck measurements, 170 µV/K. 
 
The voltage and power generated from a 20 °C temperature difference when device #2 
is electrically connected to various load resistors is shown in Figure 8.27. As with device 
#1, the maximum in power output occurs when the resistance of the load is matched 
with the resistance of the device. The maximum output power of device #1 is 5.63 nW. 
Increased power output compared to device #1 is due to the approximately 27 times 








Figure 8.27 Voltage and power output of device #2 when connected to an external load. 
 
 
The results for the bending test performed on device #2 are shown in Figure 8.28. The 
first bend causes a significant increase in the resistance, which could be associated with 
an unintentionally large amount of bending during the first cycle. After this first cycle, 
the resistance increase by around 1% over the next nine bending cycles, which is a 









Figure 8.28 Effect of repeated bending on the resistance of device #2. 
 
 
It is certainly noteworthy that the flexible thermoelectric devices comprised of Ag2Te 
and conducting polymer coated nylon are partially locally optimized in this study. 
However, of even greater concern is how the current results compare with those of 
other flexible thermoelectric materials reported in literature. Usually, 𝑍𝑇  is the 
appropriate figure of merit by which to compare thermoelectric materials. In the case of 
flexible thermoelectric composites, the measurement of electrical and/or thermal 
conductivity can be quite difficult as shown in chapter 7. Therefore, Table 8-1 shows the 
power output of several flexible thermoelectric devices described here and in literature. 
The power output is normalized by the cross section area perpendicular to the 
temperature gradient and is given as either the experimental or estimated value in a 








Table 8-1 Summary of flexible thermoelectric devices. Data from references 393 and 397 
adapted with permission from the American Chemical Society. Copyright 2012 and 2013. 
See literature cited section for full reference details. 
Device p-type material n-type material Substrate Power output 
(ΔT = 20 K) 
(W/m2) 
Ref. 31 Sb2Te3 Bi2Te3 Glass fiber 5.0 
Ref. 393 Bi0.5Sb1.5Te3-8 
wt. % Te/epoxy 
Metal Polyimide <4.7 
Device #2 PEDOT:PSS Oxygen plasma 
treated Ag2Te 
nanocrystals 
Nylon mesh 6.3 x 10-3 





4.5 x 10-3 
Ref. 395 Ag Ni Silica 3.9 x 10-3 







3.8 x 10-3 
Ref. 397 Carbon 
nanotubes 
Carbon nanotubes Polylvinylidine 
fluoride 
3.1 x 10-3 





Nylon mesh 1.8 x 10-3 




Glass fiber 2.6 x 10-4 
Ref. 398 PEDOT:PSS Ag Polyethylene 
terephthalate 
<3.0 x 10-12 
 
 
The devices with the largest power outputs are those which are comprised of very large 
percentages of the (Bi,Sb)2Te3 class of materials. Meanwhile, of the devices comprised 
of relatively low percentages of telluride materials, device #2 from the present study 
fairs quite well. Future research in the area would benefit from the use of the 









Solution synthesized Ag2Te nanocrystals are dip coated onto nylon and the resulting 
composites are found to be electrically conductive prior to treatment. The electronic 
properties of Ag2Te coated nylon are improved by annealing or treating in an oxygen 
plasma cleaner, despite the increased amount of cracking and peeling in the film. A 
device made using p-type Ag2Te nanocrystal coated nylon and n-type Ag2Te nanocrystal 
coated nylon produces 0.78 nW in a 20 °C temperature difference. The high electrical 
resistance of the p-type Ag2Te nanocrystal coated nylon allows for the device 
performance to be improved by using PEDOT:PSS coated nylon as a p-type material 
instead. The electrical power output of a device made using p-type PEDOT:PSS coated 
nylon and n-type Ag2Te nanocrystal coated nylon is 5.63 nW. Normalized by area, the 
power output of device #2 is the best of the flexible thermoelectric devices that contain 
a small percentage of telluride materials. The thermoelectric properties of the 
conducting polymer coated nylon are the best observed in this study. However, low 
resistance films of n-type Ag2Te nanocrystals could prove necessary for flexible 
thermoelectric devices as air stable n-type organic thermoelectric materials are difficult 
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